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Statement of Work 

The project consists of both theoretical and experimental research components. The 

theoretical research involves the development of the numerical solutions to the boundary value 

problem and the data interpretation procedures. The experimental component includes possible 

improvements of the test apparatus and the instrumentation system and generating, under 

controlled laboratory conditions as well as field conditions, appropriate data for verification and 

evaluation of the identification procedures for the soil parameters. 

The major tasks to be performed in order to complete the theoretical portion of the study 

include: a) improvement and refinement of the constitutive model, b) assessment and 

verification of the model, c) incorporation of the model into a numerical analysis scheme, d) 

solving the screw plate test problem as a boundary-value problem, and e) developing 

interpretation procedures for screw plate test results. Significant improvements in the test 

equipment, experimental procedures and interpretation of results need to be made in order to 

take advantage of the SPC's full potential. The primary improvements to be made to the test 

equipment and procedures involve: a) measurement of force at the elevation of the plate, b) 

improvement of the instrumentation for measurement of deformation and settlement of the plate 

so that digital signals can be utilized in a PC-based data acquisition system, c) measurement of 

induced pore water pressure on the plate, d) evaluation of the shape of the screwplate 

analytically and experimentally, e) incorporation of modern signal transmission systems for 

acquiring data from the transducers located on or near the plate. 
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Study of Field Compressometer 

by 

K. Sribalaskandarajah 

Introduction 

As outlined in the previous interim reports, the understanding of the load-deformation behavior of 

soil as well as the interface between soil and the screw plate is essential in the study of field compres- 

someter tests. In order to address these issues, a general elasto-plastic soil constitutive model (Sri- 

balaskandarajah and Banerjee, 1995) has been developed and implemented in a new finite element 

program (Sribalaskandarajah, 1995) developed to model soil-structure interaction problems. 

The new constitutive model for geomaterials proposed in this study is based on non-associative 

elasto-plastic "double hardening" concepts. The model employs two distinct yield functions, namely 

shear and volumetric, each describing the volumetric and shear mechanisms respectively, leading to 

a simple but general model. The number of model parameters is small, as compared to most of the 

general constitutive models, and these parameters are physically meaningful. A detailed description of 

the proposed model is presented in the paper (Sribalaskandarajah and Banerjee, 1995) and in the earlier 

related publications by the authors (Banerjee, Davis and Sribalaskandarajah, 1992; Banerjee and Sri- 

balaskandarajah, 1994). The manuscript of the later paper (Sribalaskandarajah and Banerjee, 1995) is 

appended to this report. 

The development of the finite element program (Sribalaskandarajah, 1995) mentioned above, uti- 

lizes object-oriented programming techniques in its development. This program has been developed 

with general dynamic soil-structure interaction problems in mind. As the primary purpose of the de- 

velopment of this program was the demonstration of the object-oriented programming applications in 

geomechanics, the element library currently available is not quite complete. Therefore, the analyses 

presented in this report are performed using plane strain elements instead the customary axisymmetric 

elements. Linear elastic and elasto-plastic Drucker-Prager constitutive models as well as the proposed 

1 



new model are incorporated in this analysis program. Also, the program is equipped with interface el- 

ements. 

Numerical Modeling of Screw Plate Tests 

In modeling of screw plate test, the screw has been tacitly assumed to be a flat plate, neglecting the 

three dimentional nature of the screw. The lack of good general three dimensional soil models also 

necessitates this assumption. However, the model we have developed is for general three dimensional 

loading conditions, and the finite element program also was developed for general three-dimensional 

elements. However, as mentioned earlier the element library is not that complete. Therefore, we will 

limit the analyses presented in this report to two-dimensional cases. 

Figure 1 depicts a screw plate in experimental conditions. In the following analyses, it was as- 

sumed that the screw plate and the soil entrapped in the screw form an elastic composite. Assuming 

typical elastic properties for sand(£7=10 MPa, i/=0.3, p=2000.0 kg/m3) and steel(JS=200 GPa, i/=0.3, 

p=7750.0 kg/m3), and typical dimensions for the screw plate(diameter=300mm, pitch=60m, thickness 

of the plate=5mm), the elastic properties of the composite materials(£7=10,910 MPa, i/=0.3, p=2480.0 

kg/m3) are determined. The vertical deformation of the screw plate subjected to the load pattern de- 

picted in Figure 2, has been presented in the following analyses. Both linear elastic and the proposed 

elasto-plastic model were used in the analysis. The analyses were repeated with interface elements 

with a simple interface constitutive model(shear modulus=380 kPa) in either case. The damping in 

the structure is assumed to be of the Rayleigh damping type given by 

C = acM + ßcK (1) 

where, ac and ßc are material constants. In this analysis, the values of these constants(ac=0.0; /?c=.03) 

were chosen to reflect the realistic time-displacement behavior of the screw-plate test results. 

In the linear elastic analysis, the half-space material is assumed to be linear elastic with typical 

elastic properties(E=10 MPa, i/=0.3, p=2000.0 kg/m3). Figure 3 depicts the deformed shape of the 

mesh with perfect bonding between the plate and the sand. The deformed shape of the mesh with in- 

terface elements is being depicted in figure 4.   Figure 5apresents the displacement-time history of the 



screw plate and Figure 5b presents the load-displacement plot for the soil with particular properties. 

In analyzing the problem with the elasto-plastic model proposed, the properties of the composite 

material are assumed to be same as used in the above analysis. Only the properties of the halfspace 

material are assumed to be inelastic(pa=100 kPa; G0=3.8 MPa; Jf0=8.3 MPa; Mc=1.35; Mp=1.5; 

a=0.0515; ß=1.0; C=l-0; eo=0.7; emi„=0.55). The figure 6 presents the displacement time history 

of the screw plate as well as the load-displacement plot of the soil. 

In summary, a simple elasto-plastic constitutive model based on incremental plasticity and double- 

hardening concepts has been developed to model the behavior of geomaterials. This model has been 

tested under general loading conditions and has reproduced experimental results reasonably well (Sri- 

balaskandarajah and Banerjee, 1995). This model has also been implemented in a finite element pro- 

gram (Sribalaskandarajah, 1995) to facilitate the analysis of practical soil-structure interaction prob- 

lems such as screw-plate tests. 
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An Improved Double-Hardening Model for Geomaterials 
By 

Kandiah Sribalaskandarajah1, Student Member, ASCE, 

and 

Sunirmal Banerjee2, Member, ASCE 

Abstract 

This paper describes an advanced version of the model previously proposed by the authors. 

While the prior version of the model was shown to work for monotonic loading only, the pro- 

posed version is general enough to include any arbitrary loading conditions. The details of the 

model formulation, and the numerical performance of the model for both monotonic and cyclic 

loading tests have been presented. It is shown that experimental results can be adequately repro- 

duced by the present model. Finally, a short description of the parameter identification based on 

optimization schemes is also included. 

Introduction 

A wide variety of macroscopic plasticity models have attempted to address the various complex as- 

pects of the material behavior by incorporating more and more involved mathematical techniques. The 

capabilities of the models have been greatly enhanced by including concepts such as bounding and 

loading surfaces by Dafalias and Popov (1975), subloading surfaces by Hashiguchi (1986), kinematic 

and mixed hardening rules, nonassociated flow rules by Mroz and Pietruszczak (1983,1983). None of 

these approaches were simple enough for the readers to be easily understood and implemented in their 

numerical schemes. The present approach is based on the multiple yield mechanisms originally pro- 

posed by Koiter (1953) and is an extension of the previous version proposed by the authors. Similar 

models which had used Koiter's generalized approach were mentioned in that paper (Banerjee, Davis 

& Sribalaskandarajah 1992). The present paper shows how it has been possible to extend the previous 

model to include any arbitrary loading response herein. 
xGrad. Res. Asst., 233 More Hall, Dept. of Civil Engrg., Univ. of Washington, Box 352700, Seattle, WA 98195-2700 
2Prof., Civ. Engrg., 233 More Hall, Dept. of Civil Engrg., Univ. of Washington, Box 352700, Seattle, WA 98195-2700 



A Double-Hardening Model for Geomaterials 

Preliminaries 

The effective stress tensor is denoted by Oij and the strain tensor by e^-. The invariants of the effective 

stress tensor are denoted by 

Ji    =    &ii 

h    =■ xC^l -VikPkj) (1) 

J3   =    -(2aij(Tjkeki - SJi&ijCJji + Ji) 

The invariants of the strain tensor, defined in a similar manner, are denoted by I\, 1%, and I3. The 

deviatoric effective stress tensor is denoted as Sij(= Pij—^-Sij), the deviatoric strain tensor is denoted 

as eij(= €ij — ^-Sij), and the invariants of the deviatoric stress tensor are denoted as 

J\     =     Sa = U 

J2   =    -^SijSji (2) 

T,    _    1 

The yield and potential functions are functions of stress and are conveniently viewed in the princi- 

pal stress space(Figure 1). As shown in Figure la, the Space Diagonal, also known as the hydrostatic 

axis, is oriented at equal angles to the three principal stress axes. Any plane that is perpendicular to 

the space diagonal is called a deviatoric plane (Figure lb) and the deviatoric plane that passes through 

the origin is known as the 7r-plane. 

For an arbitrary state of stress given by the principal stress values, a\, 02, and as, the projection of 

the stress vector on the hydrostatic axis is called the mean effective stress or octahedral normal stress, 

am(= ^). The projection of the stress vector on the deviatoric plane is given by the vector (si,S2»S3); 

where, s%,S2, and S3 are the components of the deviatoric principal stress tensor. The magnitude of this 

projection is called octahedral shear stress and is given by J2J'2. In the Figure 1, the angle 6 between 

the major principal axis and the stress vector on the deviatoric plane is known as the Lode angle and 



is related to the invariants by 

Strain Decomposition 

»s<3*> = !fl <3' 

In the incremental theory of elasto-plasticity, it is assumed tacitly that the total strain increment, cfey, 

due to any stress increment, doij, can be decomposed into a reversible(elastic) component, deije, and 

an irreversible(plastic) component, deif, i.e. 

deij = deije + deif (4) 

These elastic and plastic incremental strain components are discussed individually next in detail. 

Elastic Strains 

In general, soils exhibit predominantly plastic strains and thus it is sufficient to employ a simple linear 

isotropic elastic constitutive law, such as isotropic Hooke's law, to describe the elastic behavior of 

the material without losing much accuracy. Employing isotropic Hooke's law implies that the elastic 

strains are not coupled, i.e., the changes in elastic distortional stress do not affect the elastic volumetric 

strain and the change in elastic volumetric stress does not affect the elastic distortional strains. Thus 

the elastic shear strains as well as the elastic volumetric strain could be expressed as 

^/ = tf (5) 
o     don 

**-w (6) 

where G is the elastic shear modulus and K is the elastic bulk modulus. According to the findings of 

Hardin and Drenevich (1972), the elastic shear modulus varies with a power of mean effective princi- 

pal stress, <7m = ^. Although the shear modulus is traditionally defined by the secant shear modulus 

of the soil, the elastic shear modulus could be approximated by the initial tangent modulus, which is 

also the initial secant modulus. Therefore the elastic shear modulus should conform to the findings of 

Hardin and Drenevich: 

G = G0fi±)1-e (7) 



in which aa is the atmospheric pressure; ß is a material constant; and G0 is the reference value of shear 

modulus when am = aa. 

For a linear elastic material, the shear modulus and the bulk modulus are related by Poisson's ratio. 

Therefore, it is reasonable to expect the value of the Bulk modulus to have a similar variation with the 

mean effective principal stress as that of the Shear Modulus. Recently, in an attempt to describe the 

volume-change behavior of the isotropic swelling of soils, Banerjee and Sribalaskandarajah (1994) 

have shown that the bulk modulus, B, can be assumed to vary in a similar manner as in equation (7). 

This volume change behavior is usually assumed to be purely elastic, therefore the elastic bulk mod- 

ulus could be expressed as a function of mean effective principal stress, am, as 

K = K01p±?-< (8) 

where K0 is the reference value of bulk modulus when am = aa, and £ is a material constant. 

Plastic Strains 

The concept of "the theory of plastic potential", which assumes the existence of a single yield mech- 

anism, was subsequently generalized by Koiter (1953) to include multiple yield mechanisms. If there 

are n such mechanisms and the associated yield functions as well as the potential functions are denoted 

by Fk(sij) = 0, k = 1, n and Gk(sij) = 0, k = 1, n respectively, then the plastic strain increments 

can be written as 

de{/ = Y,CkHk^^-dalm (9) 

where Hk is a nonnegative scalar function of stress, plastic strain, and strain history and Ck is a con- 

stant taking a value of "one" during the loading while taking a value of "zero" during the unloading.; 

i.e. 

Ck = 0        Fk < 0       or       jgfedaij < 0 1 

Cfc = 1        Fk = 0       and      §§*rdai:j > 0 J 

In soil plasticity studies, Prevost and Hoeg (1975) employed this concept with two separate yield 

mechanisms to describe the volumetric and shear behaviors of the soil. For such a model, which is 



also known as "double hardening model", equation (9) can be written as the 

deif = CVHV^ dFv + CdHd^ dFd (11) 
OOij OCTij 

where the subscript v is used to denote the volumetric mechanism, and the subscript d is used to denote 

the shear mechanism. Figure 2 shows the yield functions and potential functions for both mechanisms 

used in this study. The mathematical forms of these functions are outlined below. 

Shear Yielding 

The yield function for the shear mechanism is assumed to be given by 

Fd = sv(r) - Vd) (12) 

where r\d is a constant describing the nature of the hardening, sn is a parameter denoting the sign of 

drj, and J\ is the stress ratio defined in terms of the stress invariants as 

T) = SiT—
Lz— (13) 

where sv is the sign of the third deviatoric stress invariant J'z and the value of drj is 

dr] = r) 
dJ'2     dJ\ 

2J2       J\ 
(14). 

In view of equation 12 and by the definition of sn, it can be seen that the value of gg^rdaij is 

always non-negative and therefore "unloading" is undefined in this mechanism. Therefore, the choice 

of yield function ensures that this mechanism always induces plastic strains whenever there is a change 

in 77, i.e. 

Cd = 1.0 foranycfy (15) 

The flow potential function of the shear mechanism, Gd, is assumed to be of the following form 

Grf = a„»7 + Mc(0)ln(^-)=O (16) 



where, {J\)d is a constant and Mc is the absolute value of the ultimate stress ratio, i.e. 

Mc=\v\ultimate (17) 

For the special case of triaxial conditions, the potential function given by equation 16 becomes iden- 

tical to the yield function used in the original Cam-Clay model (Roscoe, Schofield & Wroth 1958). 

Also, the shape of the potential function depends on the direction of loading and the state of stress. 

This is illustrated in Figure 3a for a cyclic triaxial compression test. The stress path is shown as the 

solid straight line and the evolution of the potential function is depicted for states of stress marked on 

the stress path. The potential function is concave downward when drj > 0 and concave upward When 

dr\ < 0. 

The parameter Mc is, in general, a function of Lode angle, 6, and thus describes the anisotropic 

behavior of the soil. In order to study the variation of the parameter Mc with respect to Lode Angle, 

the failure criterion proposed by Matsuoka and Nakai (1974) is closely examined, because this failure 

function was derived by considering the mechanical aspects of the shearing mechanism. It is expressed 

as 

ig-c 
where, c is a material constant. In view of equation (17) and by the definition of rj, the value of Mc 

can be expressed in terms of the stress ratio at failure, 77/ as 

Mc = snr]f (19) 

Therefore, in view of the definitions of stress ratio and Lode Angle, equation (18) could be expressed 

in terms of Mc as 
27(9 - Mc

2) v cJ (20) 
2S7r sv cos(30)Af| - 9MC

2 + 27 

The above equation can be used to estimate the value of c from the value of the parameter Mc. By 

rearranging we arrive at a cubic equation for Mc in terms of 6 as 

2s« sv c cos(30)Mc
3 - 9(c - 3)M2 + 27(c - 9) = 0 (21) 



By taking derivatives with respect to 9, equation (21) can be rearranged as 

8MC _ s^ SJJ cM-1 sin(30) 
~df~ [sw Sr, cMc cos(30) - 3(c - 3)] 

(22) 

Further, from the definitions of Lode angle, 9, the partial derivative of 9 with respect to cr^- can be 

expressed as 
89       c.ot(W\ r 3 1 2.1 

(23) 
89       cot(30) 

öa. u 
isij        ji\sikskj       ö^2"Ü'J 2J; J^ 

From equation (22) and equation (23), we get 

8MC _ s,,- SV cMl cos (30) 
ö<Ty ~~ 3 [SJT s, cMc cos(30) - 3(c - 3)] 2JC 4 

Sii ,,   I SifcSkj        „ JoOji (24) 

With simple algebra, the first invariant of the above tensor, §^, can be shown to vanish, i.e. 

dMc 
dan 

= 0 (25) 

The derivative of the potential function, Gd with respect to a^, i.e., §§*:, is a second order tensor 

and can be expressed as a sum of the deviatoric tensor component and an isotropic tensor component, 

as 

Ö-7 = Dij + « °ij (26) 

9Gri where D^ and d are the deviatoric tensor and the first invariant of the tensor §a^r, respectively and 

their values are given by 

Dij   = 2Ji 
1       j.1     (JlJ\^Ml 

_      Mc-Sr,T] 

(27) 

(28) 

Volumetric Yielding 

The volumetric yield function, Fv is assumed to be given by 

Fv = Jx - (Ji)„ = 0 (29) 



where (Ji) „ is a constant determining the nature of the hardening. 

In view of equation (12) and the volumetric yield function given by equation (29), the volumetric 

loading is assumed to occur when dJ\ is positive, while unloading is assumed to occur when dJy is 

negative. Therefore, the value Cv as in equation (11) is given by 

Cv = 1.0 

Cv = 0.0 

dJi >0 

dJi <0 
(30) 

The plastic strains are assumed to occur only due to virgin loading and reloading and the volumetric 

unloading induces purely elastic strains, however, the yield surface expressed by equation (29) is as- 

sumed to remain valid even during unloading. In other words, the yield surface is assumed to collapse 

or degrade during unloading. 

The potential function of this mechanism, Gv, is assumed to be of the form 

97 V 
(31) 

where {J\)c is a constant and Mp is the ultimate value of stress ratio, 77. For the special case of tri- 

axial conditions the above potential function is identical to the one used in the modified cam-clay 

model (Roscoe & Burland 1968). The family of potential functions during a cyclic triaxial compres- 

sion test is illustrated in Figure 3b. 

The parameter Mp is assumed to change with the plastic distortional strain history in an incremen- 

tal form such that the ultimate value of Mp is in fact equal to the value of Mc. This use of a different 

parameter for the ultimate value of stress ratio evolving with the loading history allows us to model 

the strain-softening behavior of the soil. The incremental variation is assumed to be given by 

dMp = r){Mc - 77)(Mp
2 - M2

c)dWv (32) 

where, dWp is the change in the plastic distortional work given by 

dWp = eij
p duij (33) 

Since both the parameters Mc and Mp denote the ultimate stress ratio, it is reasonable to assume that the 



variation of Mp with respect to aij is of the same form as that of that of the parameter Mc. Therefore, 

in view of equation 34, we get 

dM. P — STT S,J cMp cos (30) 

dcjij      3 [% sv cMp cos(30) - 3(c - 3)] 24Sij 4 Hkskj 
2T'X (34) 

dMv With simple algebraic manipulations, it can be shown that the first invariant of the above tensor, fp^-, 
y 

vanishes, i.e. 
dMp 

da. 
(35) 

»j 

The derivatives of the volumetric potential function, Gv with respect to Oij, i.e., jj^h, is a second 

order tensor and can be expressed as the sum of isotropic and deviatoric components as 

dGv 

da. 
= Vij + v 5i v (36) 

i] 

where, V^ and v are the deviatoric tensor and the first invariant of the tensor M^h respectively and are 

given by 
y 

Va   = >ij 
1 

Ml 
'27 2?72 JI dMp 

Mp    doij 

Ml - f 
M 2 

P 

(37) 

(38) 

Hardening parameters 

The hardening moduli for volumetric yielding, Hv, and for shear yielding, H^, were chosen to be func- 

tions of the stress and strain state parameters as well as the model parameters as 

Hv 
M„ 

9(MP + H) 

-h exp 
hm - h 

m-h)        11 

\V~Vr\Jl Mp 
27G      (M p-v)_ 

Jl 

Co + Cp 

(39) 

(40) 

where, a is a material parameter that describes the total volume-change behavior due to the change in 

Ji (Banerjee & Sribalaskandarajah 1994); r\r is the value of 77 at the previous shear reversal; I\m is 

the maximum value of the first strain invariant, I\\ and av is the excess pore pressure. The value of 



lim can be expressed in terms of the initial void ratio, eo and the minimum void ratio, emjn as 

hm =    1 (41) 
1 + eo 

In view of the incremental elasto-plastic theory(equation (4)) and the model outlined in the previ- 

ous section using equations (11), (12), (16), (29), and (31), the incremental elastic strain components 

can be expressed as 

deije - deij -CVHV (Vij + vöij) dJ\ - CdHd sv (Dij + dSij) drj (42) 

Taking the first invariant of the incremental elastic strain tensor and considering the generalized Hooke's| 

law(equation (6)), one obtains from equation (42) 

dJi = ZK{deü - SCvHvv dJx - 3CdHd snd dr}) (43) 

Now, considering the definition of the second deviatoric invariant, J'2, of the stress tensor given by 

equation (2), one gets 

dJ'2 = Sijdsij (44) 

Substituting for dsij from equation (5), we arrive at 

dJ2 = 2G Sij deije (45) 

In view of equation (42), equation (45) can be rearranged as 

dJ'2 = 2G [s^ detj - CvHvSijVij dJ\ - CdHd snSijDij drj\ (46) 

In view of equations (25) and (35), the following simplifications can be derived. 

svSijDij   =   r\ (47) 

2r?2Ji 
Ml 

SiiVii    =    -b^r (48) 
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Substituting these expressions, equation (46) can further be simplified as 

dJ'2 = 2G 
,         2CvHvr?Jx J T ' 

Sij deij —2 dJi - GdHdr] drj (49) 

In view of equation (14), substituting for the term dJ'2 in terms of dr] and dJ\, the above equation can 

be rewritten as 

CdHdGV + ^ drj + 
4     2CvHvGr]2J1 

JI 
+        Ml 

dJ\ = Gsijdeij (50) 

Rewriting equation (43), we get 

[9CdHdsvKd] drj + [1 + 9CvHvKv] dJx = 3K de* (51) 

Equations (50) and (51) form a set of simultaneous equations in terms of the two unknowns dr) and 

dJ\. These unknowns can be explicitely solved for as 

dJi 

dr] 
^s &v      &s Vy 

(52) 

(53) 

where 

Si)     — 

Ss       = 

v.,    = 

r.«    = 

J%     1CvHvGr] J\ 

CdHdSrlGri+   2 

V 
1 + 9CV Hv Kv 

9CdHdSj]Kd 

(_T S{j &€ij 

(54) 

=   3K de; 
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The incremental effective stress tensor can be written in terms of dJi and drj as 

2G {dey. - CVHV (Vy + vStj) dJx + CdHd av {Di:j + dSij) dr)} (55) 

Computation of incremental strain from incremental stress 

The choice of components of incremental stress as primary variables does not require any assump- 

tions regarding the drainage conditions. However, the drainage conditions have an impact on how the 

incremental strains are computed. This is because during undrained drainage conditions excess pore 

pressure is induced, and the effective stress tensor is therefore different from the total stress tensor. 

Due to the effective stress principle, the incremental effective stress tensor, do{j, can be expressed in 

terms of the incremental total stress tensor, day1, and the incremental pore pressure, dap, as 

doij = duij  — dcTpöij (56) 

Drained 

Since excess pore pressure is not generated during fully drained conditions, the incremental effective 

stress tensor is identical to the incremental total stress tensor. Thus, one can readily calculate the values 

of dJ\ and dr\ from the the incremental stress and the incremental elastic and plastic strain tensors can 

be evaluated explicitly. The incremental strain tensor can be expressed as 

d€ij = lß+jK5ij + CvHv ^ + v5ij) dJl + CdHd S" (A'J' + d5i^ dr] (57) 

Undrained 

In practice, components of effective stress are difficult to control, therefore the components of incre- 

mental total stresses are considered as the primary variables. Although the components of incremental 

total stress are known, due to the development of pore pressure, the components of incremental effec- 

tive stress remain unknown. However, the first invariant of the incremental strain tensor is zero due 
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to the drainage conditions. Therefore, in view of the equations (50)-(55) one can arrive at 

dr) = — dJx (58) 
vs 

Substituting for drj from equation (14) and eliminating dJ'2 in view of equation (44), the above equa- 

tion simplifies to 

2J'2{vsr)-vvJi) 
dJ\ = n T/ ,__ __—     T N Sij dsij (59) 

where 

dSij = dajj - ^i Sij (60) 
3 

Substituting equation (59) into equation (58), the value of dr) can be expressed as 

-f] J\ Vy 

2J!1(vsr)-vvJi) dr) = n T, f_ __—zr~7\ Si3 dsij (61) 

Using equations (59)-(61), the values of dJ\ and drj can be calculated. Thus, the values of incremental 

strain tensor and the incremental effective stress tensor are expressed in terms of dJ\ and dr\ as 

ds^     dJi 

CVHV (Vij + vSij) dJ\ + CdHd sv (Dij + dS^) dr] (62) 

d(Tij   =   ds^ + -— Sij (63) 

The practical usefulness of the model presented in this paper depends on the actual performance as 

well as the ease with which the model parameters are identified for a given soil. The model parameters 

could be identified either by devising simple experiments reflecting the influence of each individual 

parameters or by using numerical techniques to match experimental data. In this study, the latter ap- 

proach is employed and the method used is outlined in the next section. 

The model proposed herein handles general three dimensional loading conditions. But, most of 

the reliable experimental studies of the behavior of soils are limited to specific loading conditions such 

as, triaxial, one-dimensional compression, direct shear, and pure shear. Among these experiments the 

triaxial tests are the most common, therefore, the model performance in this study is essentially limited 
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to the performance of the proposed soil model under monotonic and cyclic triaxial loading conditions. 

Parameter Estimation Using Optimization 

The response of any plasticity model can not be expressed analytically, as the formulation of the mod- 

els are inceremental and complex. Hence, the model response has to be computed and expressed nu- 

merically. On the other hand, the observed model response is almost always numerical. Using the 

model estimates and the observed values, a numerical scheme.using the optimization techniques to 

estimate the model parameters minimizing the error in the computed response is described. Computed 

results obtained from this numerical technique and observed results are presented and discussed for 

monotonic and cyclic loading conditions. 

A numerical scheme based on the optimization techniques is outlined in this section to estimate the 

numerical values of the parameters of the model presented in the previous chapter. The objective of the 

scheme is to find a set of model parameters reproducing the experimental results with minimum error. 

The total error can be expressed in terms of the observed and computed values of the experiment. This 

error function serves as the objective function in a minimization algorithm and a solution is found by 

minimizing the objective function over the acceptable range of the model parameters. In otherwords, 

the goal of the numerical scheme presented in this section is to locate the "global minimum" of the 

objective function and the corresponding model parameters. 

The algorithms used in the optimization schemes of this type of non-linear objective functions 

are iterative in nature. The algorithms start with an initial estimate, proceeding to find a sequence of 

newer estimates, each representing an improvement over the previous estimates. These algorithms 

are broadly classified as, direct search methods, gradient and second deriveative methods, and non- 

linear least square methods. Of these algorithms the direct search methods are the simplest methods 

of optimization. These algorithms require only the function values to direct the search, while gradient 

based methods require the knowledge of the gradients as well. Although, direct search methods are 

less efficient then gradient based methods, they are simple and easier to implement. These algorithms 

are well suited for applications in which the objective functions are non-smooth or non-diffentiable, or 

the derivatives are discontinuous. On the other hand, nonlinear least squares methods are well suited 

for minimization problems with nonlinear least squares objective functions, which are expressed as a 
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sum of suqares of n(> np) nonlinear functions. 

F(P) = J2 [if] (64) 

Where, P is the vector of parameters the objective function depends on and np is the length of the 

vector P. 

The model performance and observed performance in this study are numerical in nature. There- 

fore, the gradients of the observed and computed functions have to be computed using finite difference 

assumptions and any one of the above optimization algorithms can be used to minimize the objective 

function. But, since the objective function in this study is naturally expressed as a sum of squares 

of nonlinear functions, a minimization using the non-linear least squares algorithm (Dennis, Gay & 

Welsch 1981a, Dennis, Gay & Welsch 1981&) is used in this study. 

In general the objective function can be expressed as a function of the experimentally observed 

and the computed variables, mean total stress, shear stress, volumetric strain, shear strain, and excess 

pore pressure. Noting that the model presented is based on effective stress principle and the value of 

effective stress can be estimated from the values of mean total strees and excess pore pressure, the vari- 

ables of interest can be limited to the four variables, mean effective stress, p, shear stress, q(= ySJ^), 

volumetric strain, e„(= en), and shear strain, eq. These variables in general are independent of each 

other. But, depending on stress path and drainage conditions, the values of some of these variables 

are known or are interrelated. The observed values of these variables, mean effective stress, shear 

stress, volumetric strain, and shear strain are denoted with a superscipt "o" as, p°, q°, ev°, and eq°, 

respectively are recorded during an experiment at discrete intervals. In addition, since the model is 

incremental in nature, it is not possible to express the model prediction explicitly as a function of the 

model parameters and the state parameters. Hence, the predicted values of the above variables, de- 

noted with a superscript "c" as, p\, qf, ev\, and eg?, respectively are computed numerically at discrete 

points at which the experimental values of these variables were recorded. 

During drained triaxial loading, no excess pore pressure is being developed and the ratio between 

incremental mean effective stress and incremental shear stress is a constant determined by the type of 

triaxial loading, such as axial compression/extension, lateral compression/extension, constant mean 

stress, constant shear stress, and constant shear stress ratio, that the soil sample is being subjected to. 
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Considering that the experiment is done on a prescribed stress path, the natural choice of independent 

variable is either the mean effective principal stress or the shear stress. Hence, the variables volumetric 

strain and shear strain, can be expressed as functions of model parameters and mean effective principal 

stress. 

On the other hand, during undrained triaxial loading no volumetric strain is developed. But due 

to the development of excess pore pressure, the ratio between incremental mean effective stress and 

incremental shear stress is not a constant. Therefore, the choice of shear strain as the primary variable 

seems to be most logical choice in this case. The variables, mean effective stress and shear stress can 

be expressed as functions of model parameters and shear strain. The following subsections describe 

the optimization schemes under these two different choices of primary variables. 

Drained triaxial loading 

Let's consider a drained axial compression test in which the results are expressed in terms of the mean 

effective stress, as shown in the figure 4. Since the primary variable is mean effective stress and the 

stress path is axial compression, the observed parameters, p° and q°, are identical with the computed 

parametrs, p£ and qf, producing no errors. The objective function, F, which is a function of model 

variables, G0, K0, a, ß, (, Mc, and Mp, and the state variables, eo and emjn, therefore can be expressed 

in terms of the variables, ev°, eq°, €.v\, and e9?, i.e., 

W = EN-£«)2 + «-^)2] (65) 
i=i 

where, n is the total number of observed points, and the vector P is a collection of the model param- 

eters and the state parameters as 

P =< G0, K0, a, ß, C, Mc, Mp, e0, emin >T (66) 

The values of P can be estimated by minimizing the above objective function, using standard opti- 

mization techniques. 

Using the above error function given in the equation 65, the optimization techniques will yield a 

reasonable set of parameters, if the magnitudes of volumetric strain and shear strain data are of the 
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same order. On the other hand, if the volumetric strain and shear strain data follow distinctly different 

patterns and magnitudes, then the model parameters obtained will reflect an unreasonable weighting 

towards the variable with the larger magnitude and towards the range at which the large magnitudes 

occur. This problem could be overcome by estimating the error function with normalized values of 

the observed data as 

F(P) = £ 
i=i (.etij )max I \ \€qi jmax I 

(67) 

where, {ev°)max is the maximum absolute value of the observed volumetric strain, and (eq°)max is the 

maximum absolute value of the observed volumetric strain. 

Undrained triaxial loading 

In an undrained triaxial compression test, the choice of shear strain as primary variable is quite conve- 

nient as has been discussed earlier. The figure 5 shows observed and computed results of an undrained 

triaxial compression test. As has been discussed earlier, the values of ev° and ev\ are zero and eq° is 

equal to tq\. Therefore, the objective function can be viewed as an error function in terms of the vari- 

ables, p\, q\, pi, and qf, as 

F(P) = J2[(p?-ptf + (q°-qf)2] (68) 
i=i 

Performance of the Model 

Monotonie Behavior 

The performance of the proposed model under monotonic loading conditions is discussed in this sub- 

section, by comparing the observed experimental performance from published sources (Tatsuoka & 

Ishihara 1973, Tatsuoka & Ishihara 1914b) with the predicted performance. The model performance 

is predicted with the model parameters obtained with the numerical optimization outlined above, min- 

• imizing the error between the observed and predicted data. 

Figure 6 presents the experimental results (Tatsuoka & Ishihara 1973) and the predicted results of 

drained triaxial compression tests on soil samples with three different initial confining pressures. The 

observed and predicted volumetric strain (figure 6a) and shear strain (figure 6b) compare very rea- 
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sonably. Similar comparision of observed and experimental data for undrained triaxial compression 

test is presented in figure 7. Close agreement of the observed and predicted stress paths in conjunc- 

tion with the strain levels is noted. It should also be noted that the values of the model parameters are 

within a resonable limit, as bounded optimization is used to limit the solution to within a reasonable 

range. Therefore, the reasonable matches of observed and predicted data noted above, favorably eval- 

uates the performance of the model for drained and undrained monotonic triaxial compression tests. 

Figures 8 and 9 show the experimental results (Tatsuoka & Ishihara 1974b) and predicted results for 

drained stress paths given by the figures 8a and 9a. The observed and computed volumetric strains 

for the above stress paths are depicted in the figures 8b and 9b, respectively. The corresponding shear 

strains are depicted in the figures 8c and 9c. The above stress paths comprise a combination of axial 

compression, axial extension and constant shear triaxial loading paths. The model parameters used in 

the computed results are obtained by the optimization procedure outlined above. These figures show 

excellent agreement between observed and computed data. This demonstrates the proposed model's 

validity under a complex loading path with stress reversal. 

Cyclic Behavior 

The performance of the proposed model under cyclic loading is examined by simulating the qualitative 

behavior observed in the experimental data from published sources (Tatsuoka & Ishihara 1974a, Ishi- 

hara, Tatsuoka & Yasuda 1975). The simulations included cyclic triaxial tests under stress controlled 

and strain controlled test conditions with drained and undrained drainage conditions. Although the 

experimental results and the calculated model results are shown side by side for easy comparision, no 

attempt was made to identify the values of the model parameters corresponding to the soil in question. 

Figure 10a and figure 11a show the experimental results (Tatsuoka & Ishihara 1974a) of a stress 

controlled drained test on a loose sand sample subjected to triaxial compression and extension between 

constant amplitudes of stress ratios, while the figures 10b and lib show the behavior produced by the 

proposed model. The volumetric strain change is depicted in the figure 10 and it is observed that the 

volumetric deformation during the initial cycles is predominantly plastic, and in the subsequent cycles 

it is essentially elastic. Similar observation could be made with respect to the shear strains(figure 11) 

as the hysteresis exhibited becomes smaller with each cycle. The figure 12 shows a sample of the same 

sand subjected to the same test between larger amplitudes of stress ratios producing larger volumetric 
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deformation. More importantly, much of the volumetric deformation in this case is plastic. 

Figure 13a and figure 14a show the experimental results (Tatsuoka & Ishihara 1974a) of a strain 

controlled drained test on a loose sand sample subjected to triaxial compression and extension between 

constant amplitudes of shear strains. With each additional cycle the sample sustains higher value of 

stress ratios and therefore higher value of shear stresses. This explains why the response is a combi- 

nation of responses that were discussed in the previous paragraphs. The figure 13b and 14b show the 

behavior produced by the proposed model. 

Figures 15a and 16a show the experimental results (Ishihara et al. 1975) of a stress controlled 

undrained test on a loose sand sample subjected to triaxial compression and extension between con- 

stant amplitudes of shear stresses. Due to porepressure buildup, the range of stress ratio increases 

with each aditional cycle. The initial buildup of the excess pore pressure is small and the rate of pore- 

pressure increase is slowly increasing with each additional cycle. However, when the stress ratio ap- 

proaches the value of the critical state parameter the rate of increase becomes siginificantly large. In 

the subsequent cycles either liquefaction or cyclic mobilty is observed. This behavior is reproduced 

by the model in figure 15b. As to the shear strain, the magnitude of the shear strain increases with each 

cycle, however, the increase is significantly large after the liquefaction is initiated. The area of the hys- 

teretic loop exhibited also becomes significantly larger. This behavior is reproduced in the figure 16b 

by the proposed model. 

Figure 17a and figure 18a show the experimental results (Ishihara et al. 1975) of a strain controlled 

undrained test on a loose sand sample subjected to triaxial compression and extension between con- 

stant amplitudes of shear strains. Unlike in drained conditions the shear stress is decreasing with each 

cycle and therfore the cyclic shear modulus(secant) decreases. This is depicted in the figure 18c and 

the 5igures 17b and 18b show that the model behavior is in agreement with the experimental behav- 

ior. 

Summary 

An incremental plasticity approach based on double hardening concepts is presented in this paper to 

model the behavior of geomaterials. The present work extends the simpler model by the authors for 

monotonic triaxial loading conditions. The proposed model is extended to include general, three di- 
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mensional loading conditions. It is not irrelevant to note that a three dimensional finite element pro- 

gram, which has been created by the first author, uses this model efficiently even for earthquake prob- 

lems. 

In summary, the present model can be categorized as a non-associative plasticity model based on 

multiple yielding concepts of Koiter (1953). Two separate yielding mechanisms are used in this model, 

each characterizing the volumetric and shear yielding behavior of the geomaterial. The complete set 

of the equations expounding the model is included in this paper so that they can be incorporated in 

numerical techniques. A numerical scheme utilizing advanced optimization techniques to identify the 

model parameters is also briefly described here. Finally this paper includes the comparisions of model 

predictions and experimental results. It is shown that the experimental results are adequately repre- 

sented by the present model. 
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Notations 

a Material constant describing the volume change behavior during isotropic compression 

ß Material constant describing the power relation of elastic bulk modulus 

e Strain tensor 

evic Computed volumetric strain 

eqic Computed shear strain 

e?„° Observed volumetric strain 

eqi° Observed shear strain 

r\ Stress ratio 

r\d A constant describing the nature of hardening in shear yield mechanism 

77/ Stress ratio at failure 

rjr Value of stress ratio at the previous stress reversal 

a Effective stress tensor 

am Mean effective stress 

aa Reference mean efective stress 

, ov Excess pore pressure 

6 Lode angle 

C Material constant describing the power relation of elastic shear modulus 

Cd Switch (1/0) for shear yielding mechanism 

Cy Switch (1/0) for volumetric yielding mechanism 

c material constant in Matsuoka and Nakai's failure criterion 
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Dij Deviatoric part of the derivatives of the potential function for shear mechanism with respect to 

stress tensor. 

d First invariant of the derivatives of the potential function for shear mechanism with respect to 

stress tensor. 

e Void ratio 

e0 Initial void ratio 

Zmin Minimum void ratio 

Fki k = 1, n Yield functions 

Fj, Yield function for shear yielding mechanism 

Fv Yield function for volumetric yielding mechanism 

G Elastic shear modulus 

G0 Reference value of elastic shear modulus 

Gk,k = l,n Potential functions 

Gd Potential function for shear yielding mechanism 

Gv Potential function for volumetric yielding mechanism 

Ha Hardening parameter for shear yielding mechanism 

Hv Hardening parameter for volumetric yielding mechanism 

I\ First invariant of the effective strain tensor 

I\m Maximum value of the first invariant of the effective strain tensor 

Ji First invariant of the effective stress tensor 

J2 Second invariant of the effective stress tensor 

J% Third invariant of the effective stress tensor 
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J[ First invariant of the effective stress tensor 

J'2 Second invariant of the effective stress tensor 

J3 Third invariant of the effective stress tensor 

(J\)v A constant describing the nature of hardening in volumetric yield mechanism 

K Elastic bulk modulus 

K0 Reference value of elastic bulk modulus 

Mc Absolute value of the ultimate stress ratio at failure 

Mp Absolute value of the ultimate stress ratio 

■p\ Computed mean effective stress 

qf Computed shear stress 

p° Observed mean effective stress 

q° Observed shear stress 

s Deviatoric effective stress tensor 

SJJ Sign of the change in stress ratio, 77 

Sn Sign of the third deviatoric stress invariant, J'z 

Vij Deviatoric part of the derivatives of the potential function for volumetric mechanism with re- 

spect to stress tensor 

v First invariant of the derivatives of the potential function for volumetric mechanism with respect 

to stress tensor. 

dWp Change in the plastic distortional work 
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1.0 INTRODUCTION 

The development of the field compressometer began in 1965 at the Norwegian Institute of 

Technology (NTH), and the final mechanical version of the device was completed in 1966 (Janbu 

and Senneset, 1973). In the following 5 years, Master's students at the NTH performed research 

to develop the analytical basis for the device. The current focus on the field compressometer is 

to render the instrument simpler and less expensive to use. By the installation of additional 

instrumentation, the amount and quality of the data may also be improved. 

1.1 Objective 

The objective of this project is to support the theoretical study of the field compressometer 

through experimental research. This experimental component consists of: 

1. Measurement of the deformation patterns in soil beneath an embedded circular plate 

2. Development of the field compressometer instrumentation 

3. Laboratory and field proofing of the modified field compressometer 

4. Gathering of existing field compressometer research data sets 

1.2 Scope of Work 

1.2.1 Measurement of deformation patterns 

The measurement of the deformation patterns occurring in the soil beneath an embedded 

circular plate will provide a physical indication of the stress and strain processes underway during 

screw plate testing. The measurements will consist of the horizontal and vertical movements of 

various discrete points within the soil mass beneath the plate. 

1.2.2 Development of the field compressometer 

The physical development of the field compressometer consists of additional instrumentation 

as well as  re-evaluation of the loading scheme and means for determining deformations. 

The instrumentation of the field compressometer consists of the addition of a load cell directly 

in the instrument. In addition, the mechanical details of installing pore pressure measurements 

are being considered. The load cell will provide a direct means for determining load at the plate 

level, and the pore pressure transducer will provide a means for determining pore pressure 

dissipation characteristics. 
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1.23 Development of experience 

Experience is developed by laboratory and field investigations using the field compressometer. 

The laboratory program includes the measurement of the overall vertical deformations of circular 

bearing plates as discussed in Section 1.2.1. 

1.2.4 Historical data 

A wealth of data exists at the NTH regarding previous screw plate testing both in the field 

and in the laboratory. The data available from field tests include documented test sites as well 

as performance data on structures constructed at locations where screw plate testing as well as 

other in situ testing has been performed. Since the fundamental aspects of the test is unchanged 

(geometry, loading procedure, etc.) the historical data is usable both for comparison with the data 

collected from the prototype instrument as well as adding to the available information for the 

development of constitutive models or analytical techniques. 

2.0 FIELD COMPRESSOMETER EXPERIENCE AT THE NTH 

This section presents a very brief overview of the available data and the nature of the research 

of the early investigators. The early work with the field compressometer was performed using 

the instrument shown in Figure 1. The available data from these investigations are included in 

the referenced appendices. 

2.1 Fundamental Research 

2.1.1 Berle (1968) and Fremstad (1968) 

The focus of the work by Berle (1968) centers around the development of an analytical theory 

for interpreting field compressometer data. This interpretation technique is currently used in 

Norway for obtaining estimates of the constrained modulus. The estimate of the constrained 

modulus is described in Section 3. 

Berle (1968) performed a short series of field tests to verify the interpretation technique. 

Additional field and laboratory tests were performed by Fremstad (1968). Several field 

compressometer tests were performed and settlement predictions were made for two typical 

geotechnical problems. The settlement predictions were then checked by constructing and 

instrumenting a small footing and a large fill. 
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The field tests were performed in the 0ysand region (southwest of Trondheim), Drammen 

(southwest of Oslo) and a site in Trondheim. The available data for each of these sites is 

presented in Appendices B through D. 

The laboratory tests were performed in Hokksund sand at various porosities and various 

depths using traditional loading schemes as well as cyclic loading. A review of the soil properties 

and test results for the Hokksund sand are listed in Appendix E. In addition, the deformation of 

6 points on the screw shaped blade itself were measured under loads as high as 40 t/m2. These 

deformations are shown in Figure 2. 

2.1.2   Enlid(1970) 

Enlid (1970) developed the Norwegian interpretation technique for estimating time rate of 

consolidation. The basis of the theory is axial and radial drainage of the soil directly beneath the 

plate during loading. The developed theory was subsequently checked using field test data and 

oedometer test data for sites in Stj0rdal (east of Trondheim) and Steinkjer (northeast of 

Trondheim). 

The useable data includes complete field compressometer data, routine laboratory data, 

oedometer test data, and measured settlements for a civil engineering project constructed at the 

Steinkjer site. This data is presented in Appendices F and G. 

3.0 NORWEGIAN INTERPRETATION OF THE FIELD COMPRESSOMETER TEST 

The procedures outlined in the following sections are currently used in Norway for the 

interpretation of field compressometer results. Estimates of moduli or consolidation coefficients 

presented in this document have been made using these techniques. 

3.1 Deformation Estimates 

3.1.1  The modulus concept 

The existing analytical approach is based on the modulus concept. The constrained modulus 

M is defined directly from the oedometric stress-strain curve as: 

J#«-^ (1) 
de 
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The relative deformation occurring at a depth is given by rearranging Equation (1) and integrating 

over the change in stress: 

-P 
°^A<J' da' (2) 

M 

The modulus can be described via a general formulation incorporating stress level and soil type 

as: 

M = mp, 'p 

[p. 
(3) 

"/ 

Where 

M = modulus (kPa) 

m = modulus number (dimensionless) 

a = deformation exponent (dimensionless) 

pa= reference pressure of 100 kPa 

The selection of the deformation exponent a is based on experience; approximate values for 

various soil types is shown in Table 1. 

Table 1  Approximate values for the exponent a 

a Soil model Soils 

1 Equivalent 
elastic 

Undisturbed tills, morainic soils, OC clay, undrained 
loading of clay, small compressive strains of sand 

0.5 Equivalent 
elastic-plastic 

Gravels, sands and coarse silt 

0 Equivalent 
plastic 

NC clay, fine silt, swelling of sand 

<0 Sensitive Sensitive soils 
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Equations (2) and (3) can be combined, and the integral solved to obtain (Ap = AG): 

e = 
ma 

fp'Y Pa 

\Pa/ 

(4) 

Equation (4) provides the basis for the modulus approach for ordinary soils and conditions. 

3.1.2 Modulus approach as applied to the field compressometer 

An idealization of the field compressometer installed in situ is shown in Figure 3. The plate 

settlement can be estimated by calculating the displacements in n discrete soil layers over the 

depth H and summing: 

n n 

i=i " *=i 

(5) 

Combining Equations (4) and (5) yields: 

».*f-L 
n ^ ma 

'(y,') Pi 
a (VI Pol 

C 

.V «i K^'l 

(6) 

With the addition of several multiplicative terms (the net result of which equal 1), Equation (6) 

can be rearranged to obtain: 

mPa 

IHPa   yl 
nBqn U a 

P± 
a 

Poi 
a 

(7) 

AFOSR-91-0424 



The dimensionless settlement number S can be defined by: 

Pi 
a 

Pa 
a 

[UJ {Paj 
(8) 

Where h = the ratio H/B 

H = depth to plate 

B = diameter of plate 

Using the definition for the settlement number S Equation (7) can be rewritten as: 

8=5 
mPa 

(9) 

An alternate arrangement of Equation (9) can be used to obtain the modulus number where 

settlement data is known: 

m=S (10) 

Figure 4 presents a graphical solution of the expressions for S. 

3.1.3 Calculation of the modulus number 

The data obtained from the field compressometer consists of time-deformation curves for 

increasing loads at depth. An estimate of the deformation corresponding to 100 percent 

consolidation is made using an accepted technique, such as Taylors construction. The resulting 

data is used to plot a load-deformation curve for the test depth. 

The in situ vertical stress is then estimated, and a straight line is drawn from this pressure 

tangent to the load deformation curve as shown in Figure 5. The deflection and the corresponding 

nominal pressure pn is taken at a midpoint on the tangent line. The settlement number S is taken 

from the graph for the appropriate soil type and value of pn, and the corresponding modulus 

number is calculated. 
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3.2 Time Rate of Consolidation Estimates 

The estimate of the time rate of consolidation coefficient is based on a radially draining 

oedometric model as shown in Figure 6. The cylinder is assumed to be permeable through the 

sides and impermeable through the top and bottom surfaces. The radius of the cylinder is taken 

as the radius of the screw plate. 

From Terzaghi's three dimensional consolidation theory, the rate of change of excess pore 

pressure is given by: 

du 
dt 

= c. 
(?u+ldu 
8r2 + rdr 

+ c. 
vdz2 

(11) 

Where 

Cr  = Cv   = 

kcM 

Yw 

(12) 

Assuming that the permeability coefficient and the modulus are constant, and considering that no 

flow occurs in the z direction, this equation reduces to: 

du 
dt 

= c. 
&u + j. du 

dr2       r dr 
(13) 

The boundary conditions can be stated as: 

For t = 0 and 0 < r < R        u = Ap 

ForO<t<°°andr = R        u = 0 

For 0 < t < oo and r = 0        3u/9r = 0 

Fort = °°andO<r<R        u = 0 

which lead to a solution of the differential equation as: 
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n=l   " '" B.2 

Where Bn is a root of Bessel's function and the time factor Tr is given by: 

T^-l (15) 
r   R 

This solution is identical to the solution for an oedometer with radial drainage. For 90% 

consolidation, the factor Tr is 0.335 (Mc Kinley, 1961), and the radial consolidation coefficient 

cr is: 

p2 p2 
c   = T„— = 0.335— (16) 

t t 

4.0 DEVELOPMENT OF THE PROTOTYPE FIELD COMPRESSOMETER 

The design of the prototype is based on three objectives: To simplify the use of the device, 

to improve the quantity and quality of the data, and to modernize the data acquisition from the 

device. These objectives represent the fundamental goal of the development of a new field 

compressometer - to develop a tool which is practical and useful in ordinary field investigations 

and not limited to research applications. 

Although many aspects of the field compressometer are being reconsidered, the fundamental 

principle underlying the device remains unchanged: the load-settlement interaction of a screwed 

down bearing plate. The prototype is therefore a refinement to the original device, rather than a 

fundamental change in the test itself. The results obtained from the prototype should be directly 

comparable to the existing body of data from previous screw plate testing. 

4.1 Original Field Compressometer Developed at the NTH 

The original version of the field compressometer was depicted in Figure 1. Figure 3 showed 

the field compressometer installed in situ. The field compressometer consists of three principle 
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components:   The bearing plate, the load system and the instrumentation.    Each of these 

components is briefly discussed below. 

4.1.1 Bearing plate 

The bearing plate consists of a bearing surface formed as a single helical screw with a diameter 

of 16 cm and a rise of 4.5 cm. The plate is constructed of cast iron for economy and simplicity 

of construction. The plate is attached to the body of the field compressometer via a weakened 

center screw. Four pins are included in the resulting joint to resist torsion during installation. The 

plate is abandoned at depth at the completion of the test series by breaking the center screw in 

tension. As a result, the plate itself does not carry any instrumentation. 

4.1.2 Load system 

The load system for the compressometer is a hydraulic jack contained within the body of the 

device at depth. The load is given by a reaction of the jacks against the drill rods and a reaction 

frame at the surface. The jack is located immediately above the level of the plate, as indicated 

in Figure 1. The reaction system for the jack is shown in Figure 3. 

The hydraulic jack is located at the level of the plate to eliminate the effect of shaft friction 

of the drill rods. The jack is activated using compressed nitrogen supplied through pneumatic 

tubing from the surface. The pneumatic tubing is threaded through an inner set of hollow rods 

within the drill rods. 

The pressure in the jack is controlled using a pressure accumulator and a precision manometer. 

The load acting on the plate is calculated from the pressure supplied to the hydraulic jack. 

4.13 Instrumentation 

The instrumentation for the field compressometer consists of a pair of dial gauges and a 

pressure gauge. The dial gauges measure the vertical movement of the plate relative to a 

reference beam at the ground surface. The hollow inner rod containing the pneumatic tubing for 

the jack is used as to transfer the movements of the plate to the surface. This rod is fixed to the 

ram in the hydraulic jack and is free to move vertically within the drill rods. The reference beam 

is supported independently of the reaction frame. The pressure in the jack is used to calculate the 

load applied to the plate. 
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4.2 Prototype Field Compressometer 

The principle improvements planned for the original field compressometer are direct 

measurement of load at the level of the plate, simplification of the load application, simplification 

of the deformation measurement system, and modernization of the data acquisition system and the 

inclusion of pore pressure measurements. In addition, the prototype is fully recoverable at the 

completion of the test series. 

The prototype field compressometer is discussed in the following sections. The prototype is 

sketched in Figure 7. Figure 8 shows the field set up to be used for the first round of field tests. 

4.2.1 Bearing plate 

The external shape of the bearing plate is relatively unchanged from the original design. A 

slight lengthening of the tip (approximately 5-7 mm) below the blade will be required to 

accommodate the pore pressure transducer. This change in geometry should not significantly 

effect the test results. The filter for the transducer will be installed in the plate assembly. The 

filter will be located on the cylindrical stem of the bearing plate as shown in Figure 7. 

4.2.2 Load system 

The addition of a load cell at the level of the plate has simplified the loading system required 

to run the field compressometer test. Since the load at the level of the plate is directly measured, 

it is possible to apply the load directly to the drill rods at the ground surface. The load can be 

applied using a hydraulic ram reacting against the drill rig. The simplification in load application 

is the result of the elimination of the in situ hydraulic jack, pneumatic cables, inner rods, 

pressurized gas cylinders, and the reaction frame. 

The use of a drill rig for installation and extraction of the field compressometer necessitates 

the use of stronger drill rods. The drill rods are required to withstand compression, tension and 

torsion in both directions. The connections used for the drill rods are detailed in Figure 9. 

4.2.3 Instrumentation 

The instrumentation for the prototype consists of a load cell immediately above the plate, an 

LVDT located at the ground surface and a pore pressure transducer on body of the bearing plate 

blade.  The data collected are pore pressures beneath the plate, load on the plate and vertical 
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deformations of the plate. The data collected at the level of the plate is transmitted to the surface 

using electrical cables threaded through the drill rods. The data are automatically recorded using 

a data acquisition system. 

The load at the level of the plate is measured using the load cell. The load cell was 

manufactured and instrumented at the NTH. The load cell has been calibrated up to 40 kN. 

The vertical deformation of the plate is measured using an LVDT and a simple reference 

system as shown in Figure 10. The system uses the same premise of a fixed reference level as 

in the original system.  However, the proposed system has several advantages. 

A distinct advantage is the decreased complexity of the reference system. This should reduce 

the time required for set up and adjustment of the reference level. In addition, since the data is 

collected electronically rather than visually, the reference level can be set to any convenient 

height. The reference level can be set sufficiently high to keep it clear of the work area. Another 

advantage is the elimination of movement in the reference level due to thermal effects. The effect 

of elastic deformation of the drill rod is negligible. 

The data generated by the pore pressure transducer, the load cell and the LVDT are recorded 

using a portable PC running a proprietary data acquisition program developed for the field 

compressometer. 

4.3 Load cell calibration 

The load cell in the prototype was calibrated using a calibration device originally developed 

for the CPT. This device was used for a coarse calibration, and a finer calibration of the first 2 

kN range of the load cell was conducted using dead weights. 

5.0 PRELIMINARY LABORATORY TESTS 

5.1 Facilities 

5.1.1 Foundation laboratory 

The Geotechnical Division of the NTH has a rather unique facility for testing large scale (or 

full scale) models in a controlled laboratory environment. This laboratory consists of large 

concrete tank (4 x 4 x 3 m), 80 tons of sand and an automated system for handling the sand. 

The sand is placed in the tank by raining out of a mechanical spreader which passes back and 

forth over the tank at a steady rate of 8 cm/sec. The sand is delivered to the mechanical spreader 
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via a system of silos and conveyor belts. The sand is removed from the test tank through a 

number of chutes equipped with mechanical vibrators at the bottom of the tank. The sand is 

returned to the storage silos by conveyor belts. Emptying a full tank of sand requires 

approximately ten hours of continuous operation. Filling time varies depending on the porosity, 

and may range from 10 to 30 hours. 

The raining of the sand (and consequently the porosity) is controlled by the diameter of 

nozzles placed in the bottom of the spreader. The available nozzles range in size from 5 to 20 

mm. The corresponding porosities range from 37 to 43 percent. Experience gained at the NTH 

over years of operation has shown that the sand distribution system produces relatively uniform 

porosity throughout the depth of the tank. 

5.1.2 Hokksund sand 

The soil used in the model test facility is a quarry sand obtained from Hokksund, Norway. 

This sand has been geotechnically well documented. The properties of the sand are listed in Table 

2, and the grain size distribution is shown in Figure 11. Additional geotechnical data for the sand 

is presented in Appendix E. 

Table 2 Hokksund Sand 

Routine Data 

Minimum 
porosity 

(%) 

Maximum 
porosity 

(%) 

Density 
soil solids 

(g/cm3) 

cc cu Water 
content 

% 

36.4 48.7 2.712 1.23 2.04 0 

Mineral Content, % 

Quartz Feldspar 
(Sodium) 

Feldspar 
(Potassium) 

Mica Amphibole Other 

35 25 20 10 5 5 

5.2  Test Equipment 

The principle pieces of required equipment are listed below.   Minor appurtenances are not 

include in the discussion. 
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5.2.7 Bearing plates 

The bearing plates have diameters of 16 cm and 30.7 cm, and have a thickness of 1 cm. The 

plates are common steel. The plates are concentrically attached to hollow steel rods. The rods 

have an outer diameter of 42 mm and an inner diameter of 38 mm. 

Shaft friction is reduced to approximately zero by a plastic sheath (PVC pipe) surrounding the 

rod. The ends of the sheath are sealed by a circular steel shim that fits in between the inner wall 

of the PVC and the outer wall of the steel rod. The upper shim is removed prior to testing. 

5.2.2 Field compressometer 

The field compressometer will be used in essentially field configuration. The variation from 

field configuration will be the use of a drill rod modified to be used in the laboratory. The 

modified portion will remain above the soil surface throughout the test and will not alter the 

performance of the device. 

5.2.3 Loading system 

Two loading systems are used for the various test series. In the first system the load is applied 

using a hydraulic jack; in the second system it is applied using dead weights. 

5.2.4 Measurement 

Deformation measurements are taken using both dial gauges and an LVDT. The dial gauges 

used in the first two test series had a sensitivities of 0.1 mm; the gauge used in the last test series 

(small deformation series) had a sensitivity of 0.01 mm. 

6.0 LABORATORY TEST RESULTS 

The results from the various test series in the laboratories can be considered as two primary 

subjects. First is the deformation patterns occurring beneath flat circular bearing plates. The 

second is the load-deformation response of flat circular bearing plates and screw shaped bearing 

plates. These two areas are presented in turn below. 

6.1 Deformation Patterns Beneath Circular Bearing Plates 

Various tests were conducted to measure deformation patterns in the soil beneath bearing 
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plates.  These tests were conducted as part of two separate test series.  For both of these test 

series, the load was applied using a hydraulic jack. 

In the first test series (conducted by Kvalsvik, 1991), three soil densities, two plate diameters 

and two embedment depths were used. In the second series (conducted by Hoff, 1993), three soil 

densities, one embedment depth and one plate diameter were used. 

6.1.1 First experimental series 

The plate diameters used in the first experimental series were 16 cm and 30.7 cm, which 

corresponds to bearing areas of 201 and 740 cm2. The soil densities used were: a relatively loose 

soil with an average porosity of approximately 43 %, a medium density soil with a porosity of 

approximately 40 %, and a relatively dense soil with an average porosity of approximately 37 %. 

For each combination of plate diameter and soil density, two embedment depths were tested. For 

all combinations, the shallow depth of embedment was lm. For the tests in dense soil, the deep 

embedment depth was 1.5 m. For the other soil densities, the deep embedment depth was 2 m. 

Measurements of the deformations were made by placing small metal plates (5 cm diameter) 

in the soil during filling of the tank. The plates were attached to copper wire which was run to 

the soil surface through flexible tubing and attached to dial indicators. A total of six plates (3 

horizontal and 3 vertical) were used for measuring deformations under each bearing plate as 

indicated in Figure 12. 

Although the deformations are measured in different locations, it is assumed that symmetry 

in the deformation pattern around the circular bearing plate exists. This assumption allows the 

reduction of the data to depict the horizontal and vertical displacement of three distinct points in 

two dimensions. The deformation data for this test series is presented in Figures 13-16. Figures 

13 and 14 illustrate the deformations in true scale, Figures 15 and 16 present an amplification of 

the data. 

6.1.2 Second experimental series 

In the second series, the same soil densities are used for the loose and the dense cases, and a 

average approximate porosity of 38 percent is used in the medium case. For this test series only 

one diameter of bearing plate (16 cm) and one embedment depth (1 m) is used. In this test series 

the deformations occurring in a spatial distribution beneath the plate. 
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Figure 17 shows the measurement locations. The deformations were measured using 

Kvalsvik's (1991) method. Symmetry is assumed for presenting the data. In addition, the 

assumption is made that adjacent tests under controlled conditions will have the same deformation 

patterns. In the test series, only 6 deformation plates were placed beneath each bearing plate. 

However, the bearing tests were repeated four times in each density, and the aggregate data is 

presented together as the deformation pattern under a single bearing plate. 

The deformation patterns measured in each density are indicated in Figures 18 - 20. The 

deformation data is presented in amplified form in Figures 21 through 23. For these plots, the 

initial point is indicated in true scale, and the subsequent vertical and horizontal deformations are 

increased by an order of magnitude. 

6.2 Load-Deformation Response of Circular and Screw Shaped Bearing Plates 

The load-deformation response of the various bearing plates and the screw shaped blade of the 

field compressometer were measured in all three of the experimental series. The first two series 

concentrated on larger loads, typically reaching a fully mobilized state with relatively large 

deformations occurring. The final test series focused on smaller loads and the corresponding 

deformations in an attempt to capture the approximately elastic response of the bearing plates 

during the initial stages of loading. A hydraulic jack applied the load, while dead weights applied 

the load in the low and medium density sand in the final test series. The capacity using this 

method was not sufficient for the dense condition, so a small hydraulic jack was used for the tests 

in the dense sand in the final series. 

6.2.1 Large deformations 

The first test series (Kvalsvik, 1991) did not incorporate tests with the screw shaped blade, 

rather it was intended to focus on the effect of changing the diameter of the bearing plate and the 

effect of embedment depth on the tests performed in the model test lab. 

The vertical deformation of the bearing plates in the three soil densities for the first test series 

is depicted in Figure 24. Figure 25 presents the same data with a reduced range of vertical 

displacements axis. The data series marked with an asterisk are indicated as questionable by 

Kvalsvik (1991). Kvalsvik (1991) noted that for the 16 cm plate at 2 m embedment in the 

medium density soil, the dial gauge was disturbed during placement of the first load. This altered 
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the null point. The 30 cm plate at 2 m was indicated as having been placed poorly, resulting in 

difficulty in applying load to the bearing plate. 

The results from the second test series are presented in Figures 26 through 28. In addition to 

the bearing plate tests, several field compressometer tests were also performed. This data is 

included in Figures 26 through 28. The field compressometer was installed by screwing into 

position. 

6.2.2 Small deformations 

The third test series utilized both bearing plates and the field compressometer. The intention 

of this test series was to examine the load deformation response of the two plate shapes to small 

stresses and strains in the surrounding soil. Small loads and little load steps were used for these 

tests. 

At first, it was assumed that the hydraulic jack could be used to apply the loads. However, 

the first test in loose sand indicated control problems with the system under very small loads and 

load increments. The hydraulic pressure control was simply too coarse and the jack too large. 

The alternate load scheme (using dead weights) increased the precision of the loading system. 

It was found, however, that in the dense condition, the mechanical management of the dead 

weights became a problem. A small high quality hydraulic jack replaced the dead weights to 

conduct the final three tests. The system proved very satisfactory, and will be used in future 

bearing plate tests in the laboratory. 

Bearing plate, loose soil 

Figures 29 and 30 present the bearing plate load-deformation data. The first test presented in 

Figure 29 was loaded using the large hydraulic jack system; the control problem is readily 

apparent. In Figure 30, which details the lower strain portion of the curves, it is evident that the 

soil in the first test appears to have higher strain at equivalent stress levels. This response may 

be due to disturbance during the installation of the jack and the weight of the jack itself. 

In the previous test series, the jack had been mounted on top of the bearing plate rods. The 

installation of the jack was rather difficult due to the confined work area and the large mass of 

the jack (50 kg). Movements of the drill rod and impacts to the drill rod perhaps have affected 

this data. The weight of the jack on top of the drill rods is not included in the load applied to the 
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plate. If the stress due to the weight of the jack is considered (approximately 25 kPa), the entire 

curve shifts upwards and becomes coincident with the second test. 

Field compressometer, loose soil 

Three field compressometer tests were run at this density. The method for conducting the first 

two tests is identical to the second bearing plate test. In the third test, an alternate deformation 

measurement system was used. The alternate method eliminated the need to physically contact 

the load frame while reading the dial gauges. Copper wire and pulleys allowed the dial gauge to 

be placed well away from the load frame. As the data indicates, this alternate system did not 

work. 

The data for the field compressometer tests are shown in Figure 31. In the second test, a small 

rebound loop occurs at 30 kPa and the loading continues to a higher level than in the first test. 

The reproduction of the data between the first and second tests is very good. In the third test 

(which used the alternate measuring scheme), the dial gauge did not initially respond but after 

some loading had occurred (and some deformation is assumed to have occurred) the dial gauge 

began registering deformation. It is possible that the initial deformations were lost due to slack 

in the wire. If the shape of the curve for the third test is compared to the first two, it is seen that 

both the shape of the curve and the proportional changes in deformation to load are very similar. 

Bearing plate, medium sand 

The bearing plate test results are shown in Figure 32. The initial portion of the curves are in 

good agreement and the overall slope of the curves is approximately 1.5 times that found in the 

loose sand. In the mid portion of the curves, however, the first test continues at approximately 

the same slope and the second test shows strain softening behavior. 

Field compressometer, medium sand 

The data for the field compressometer tests is presented in Figure 33. As can be seen in this 

figure, the shape of the curves and the rebound response does not appear to be consistent with the 

bearing plate results at this density nor with the results from bearing plate field compressometer 

tests in the loose soil. In addition, the curves are not characteristic of Hoff's (1993) field 

compressometer tests at the same density. This data will be further discussed in Section 8. 
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Bearing plate, dense sand 

A small hydraulic jack applied the load for the tests in dense sand as the dead weights could 

not provide enough force. A small jack and a new mounting method eliminated the problems 

with load control and self weight. 

The load deformation response of the bearing plates in the dense sand is shown in Figure 34. 

The data from the two tests do not correlate with each other very well. This may be due to 

disturbance of the second bearing plate. A fairly significant period of time passed between 

installation and testing. During this time, the laboratory was open for other activities. The first 

bearing place was protected within the steel load frame, however the second bearing plate was 

vulnerable. It is conceivable that the plate was disturbed in some way. These tests results should 

be verified by additional tests. 

Further, the overall response does not match well with the overall response obtained by others 

(Kvalsvik, 1991 and Hoff, 1993). The initial portion of the load-deformation curve for the first 

test does compare favorably as the modulus number estimates in Section 6.3 show. The reduced 

stiffness portion of the curve also compares favorably; the primary difference is in the apparent 

yield point. 

Because of the changes in the loading and data collection systems, it is possibly that unforseen 

system compliance has been brought into the picture. The compliance may manifest itself in 

distortion of the load frame, which in addition was the reference for the deformation 

measurements. It was assumed that the low load levels combined with the robustness of the load 

frame would yield a stable reference system. It is possible that this was not the case, and some 

system compliance was introduced. When the tests are repeated to resolve the variation between 

the two existing tests, the deformation system will be mechanically isolated from the load system. 

Field compressometer, dense sand 

A single test using the field compressometer in this density was run. The data is presented 

in Figure 35. Again, the data for the field compressometer test under laboratory conditions 

appears to be rather unusual. The initial stiffness is extremely low as is the stiffness in the 

rebound loops. It is interesting to note that the data (using this interpretation scheme) seems to 

indicate that the soil yields more energy during unloading than what is put into it during the 

loading cycle. This is further discussed in Section 8. 
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6.3 Modulus Estimates 

Figure 36 shows modulus estimates from the three test series as well as from oedometer tests. 

The procedure used for estimate the modulus follows standard interpretation procedures for the 

oedometer data, and a consistent application of the field compressometer interpretation method 

for the bearing plate and field compressometer data. The interpretation used the stress associated 

with the first 1 mm of deformation of the plate to estimate the modulus number. 

The figure shows that the modulus from the oedometer test is higher than for either the bearing 

plate or the field compressometer. The modulus number from the bearing plate tests seem to 

follow a fairly consistent trend - decreasing with increasing porosity which is reasonable. The 

field compressometer data yielded lower moduli at the densest conditions, a peak for the medium 

tests and a modulus number consistent with the bearing plate tests at the highest porosity. 

We can reasonably accept that the modulus values from the bearing plates are less than the 

oedometer tests, because the level of lateral confinement in the free field is probably is not 

equivalent to the level of lateral confinement in a steel oedometer ring. Further, we can also 

accept that the field compressometer data would yield higher modulus numbers, since the simple 

approach for interpretation does not incorporate the increase in mean effective stress around the 

blade during insertion. The stress increase results from both the physical displacement caused by 

the blade as well as the possibility of dilation in the soil. The modulus should be higher under 

higher confining stress. 

The drastic decrease in the modulus number for the dense sand poses a problem. If the factors 

above are the only influencing factors, than the decrease in modulus is inexplicable. There must 

be other effects decreasing the modulus.  Possible explanation is presented in Section 8. 

6.4 Deformations Based on Elastic Theory and Finite Element Analysis 

Elastic analyses using Nishida's (1966) solution as well as finite elements to predict the 

vertical centerline displacement of the embedded bearing plate are shown in Figure 37 (Hoff, 

1993). The selection of the elastic parameters for both was based on oedometer test results. 

This analysis was rather simplistic in approach and is perhaps inappropriate for this problem. 

The magnitude of the displacements (more than 4 cm) may be well beyond the elastic or semi 

elastic range, and the soil may be better described as in a state of failure. 

Further analyses are not within the scope of this project; however a potential direction may be 
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proposed. Nordal (1983) has studied the elasto-plastic behaviour of soils using a finite element 

model. The study consisted of a strip load placed on a homogeneous soil deposit. Four cases are 

presented: Tresca criterion with and without self weight, Coloumb criterion with and without self 

weight. The stress distributions and the velocity fields developed by the finite element programs 

may be useful as a guide for further interpretation of the data from the test series using higher 

levels of deformation, and hence, large strain levels. An example of the results obtained by 

Nordal (1983) for the bearing capacity problem using Coulomb criteria and self weight is shown 

in Figure 38. 

The data from the small deformation tests is probably more appropriate for an elastic analysis. 

However, this data has not been subjected to rigorous analysis at this time. 

7.0 PRELIMINARY FIELD TESTS 

7.1 Introduction 

The first field use of the field compressometer is in a man made fill/natural silty clay deposit 

in a field near the laboratory. The fill material is known to be morainic material with a substantial 

clay fraction. These tests were to evaluate the set up and use of the field compressometer under 

field conditions. Emphasis was not placed on the actual data collected and the analysis of that 

data, rather it was placed on the convenience of having the support of the machine shop during 

the proof testing of the instrument. Although the laboratory was immediately at hand, the proof 

testing was approached as if the testing program was being conducted at a remote field site. All 

equipment was mobilized including the field trailer. 

Tests were run at depths of 1 to 5 m in two profiles. In general, the initial tests went badly 

due to numerous minor problems. The minor problems included general inexperience with the 

device, calibration errors, electronic equipment failure and terrible weather conditions. These 

problems are easily corrected (or in the case of the weather, tolerated) and appropriate measures 

have been taken. 

In addition to these minor problems, we found a problem with controlling the load applied by 

the drill rig. The original loading scheme had been to use the hydraulics on the drill rig to apply 

the load. During the tests it was determined that fine enough control could not be maintained. 

The Institute's drill rig is a piece of research equipment, and as such it is very well maintained 

and is in excellent condition.   It is likely that control over the hydraulic systems in this rig is 
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better than what could be reasonably expected from equipment used in industry. As a result, it 

is not appropriate to develop the equipment to be dependent on the loading ability of the 

installation equipment. The use of a separate hydraulic ram to apply the forces may have to be 

evaluated. 

These problems are depicted in Figures 39 through 42 which present data from one of the tests 

performed. Figures 39 and 40 are time histories of load and deformation for the first load 

increment which was simply the dead weight of the drill rig crosshead. Figures 41 and 42 

indicate the time histories for the remaining hydraulically applied load increments. The data 

shown in these figures is not typical; in fact the data is the very best data available from the tests 

The load in Figure 39 drops from an initial load of 150 kg (corresponding to a stress level of 

75 kPa under the plate) to a final load of approximately 128 kg (64 kPa) at the end of the load 

increment. The decrease in the load at the plate occurs correspondingly to increasing deformations 

of the system shown in Figure 40. 

Figure 41 and 42 show the response when the load is applied using the hydraulic system on 

the drill rig. The load was applied in three steps, the first at 300 kg, the second at 530 kg, and 

the third at 780 kg. The loads were not predetermined; we simply tried to adjust the hydraulic 

pressure in the system by small increments (which was not very successful). The plate was then 

unloaded in four steps. The variation in the load and its effect on the deformation is apparent 

from the figures. 

The load applied to the plate must be maintained at a relatively constant level during each load 

step. In addition, the entire load increment should be applied over as short of a time interval as 

possible. These factors will become even more critical in later developments of the instrument 

which may include applications in cohesive soils for in situ consolidation tests. 

It is readily apparent from this experience that a different approach must be taken for the 

application of the load to the field compressometer. The use of the hydraulic system on the drill 

rig does not provide adequate control of the load and the changes of load over time must be 

compensated for. 

Further, there is apparently a more fundamental problem to be addressed: The effect of 

friction and load distribution throughout the soil system surrounding the entire field 

compressometer. 

AFOSR-91-0424 21 



8.0 DISCUSSION 

The results of the field compressometer tests in medium and dense sands resulted in rather 

peculiar data. The available data is the deformation of the system (measured from the top of the 

drill rod), the load at the top of the rod and the load at the plate. 

Figure 43 presents this data in three separate plots. The first is the overall system response 

(load at the top of the rod and the measured deformations), the second is the plate response (load 

at the plate and the measured deformations), and the third is the difference between load at the 

top and the plate, which is the load taken by friction along the drill rods. 

The first plot in the figure has the expected shape for a load-deformation curve, based on 

experience with the bearing plates in this soil. The soil has an initial stiff response, followed by 

less stiff response and rebound curves which recapture the initial stiffness. 

The second plot represents the interesting data: The load at the plate versus deformation. 

However, we note first that the initial portion of the curve is not the stiffest, and that after some 

deformation the stiffness increases. Further, the rebound loops exhibit less stiff behavior than the 

virgin loading. The loops also indicate that the system has gained some extra energy. 

The third plot shows the friction acting along the drill rods versus deformation. It is 

interesting that the load increases over 0.2 to 0.3 mm, reaches an ultimate value, and deformation 

continues at this ultimate value. When unloaded, the response is a fairly typically shaped rebound 

loop. 

Plots of the friction versus deformation for all of the field compressometer tests run during the 

small deformations test series are presented in Figure 44. In this plot we see a common pattern 

in all of the tests - the soil along the rods deforms, picking up greater and greater load, until the 

maximum capacity is reached and the soil then deforms at constant load. The maximum load is 

generally reached at 0.2 to 0.3 mm of deformation. 

The first indication of the effect of the friction came during installation, although the 

significance of the presence of the friction was not realized until the data was plotted in Figure 

43 as discussed above. The pitch of the blade did not control the rate of penetration. The 

downward movement of the instrument during rotation was less than the pitch would indicate. 

This effect increased with increasing depth. This is the first indication of the effect of frictional 

forces. 
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Installation of the screw plate is a balancing of forces. The downward force is applied by the 

soil above the plate as it is compressed by the rotation and pitch of the blade. This force is 

resisted by friction acting along the drill rods. The blade advances when the force on the upper 

surface of the plate is great enough to fail the soil along the drill rod and to permit the drill rods 

to move downward. 

The data for the field compressometer tests in both the medium and dense sands showed an 

initial deformation without significant load being taken by the plate itself (cf. Figures 33, 35 and 

43). This deformation may be in part due to the gap remaining under the screw plate after 

installation where the blade does not advance at the same rate as the pitch of the blade would 

dictate. 

Another source of deformation without any load at the plate may be displacement within the 

load cell itself. A small amount of vertical play is designed in the field compressometer in order 

to protect the load cell. The slack designed into the device is on the order of 0.1 to 0.2 mm. If 

the blade must pull the drill rods through the soil, the body of the field compressometer will be 

extended to include all of this play. 

A third source of influence on the initial portions of the curve is the effect of the friction . 

As Figure 43 shows, the load on the plate is controlled by the stiffness and plastic deformations 

of the soil along the drill rods. 

These mechanisms can be understood by thinking through the first load steps at the test depth. 

When a small load is applied (less than required for failure of the soil along the drill rods) the 

deformation of the system is controlled by the shear stiffness of the soil surrounding the drill rods. 

The small amount of deformation which does occur is absorbed by the slack in the load cell and 

the gap under the plate. The soil beneath the plate is not loaded. With increasing load, the shear 

deformations increase, eventually the plate begins to take load, and the system response then 

begins to reflect the response of both the soil around the drill rods and underneath the plate. 

Once load reaches the plate, the load does not remain absolutely constant with time, even when 

using dead weights as the load source. The measured load decreases slightly over time. This was 

most noticeable in the field tests (cf. Figures 39 and 40). In order for the load to remain constant, 

the plate must be able to freely move as the deformations of the soil under the plate occur. 

However, the friction acting along the drill rods prevents the system from moving freely. Instead 

a complicated balancing of forces and soil stiffness occur. As the soil deforms, the load on the 
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plate decrease, and the load carried along the rods in friction increases. Additional load is taken 

as rod friction and the movement of the system, hence the changes in deformations measured at 

the surface, are controlled by the shear deformation and the shear failure that occurs along the drill 

rod. In order to restore load to the plate, the shear capacity of the drill rods must be exceeded 

and the drill rods must move downward through the soil. 

These changes, although not particularly large relative to the load, may prove to be significant, 

especially in an insitu oedometric context for clays. Oedometric testing requires control over the 

boundary conditions, either through constant load, constant rate of strain, or constant pore pressure 

ratios. The variation in the load that occurs is a function of the strain rate of the soil, possibly 

pore pressure dissipation, ultimate capacity of the soil around the rod, slip mechanisms along the 

rod, and perhaps many other variables. Uncontrolled boundary conditions will compound the 

difficulty of the analytical solution and interpretation of in situ oedometer tests. 

The field compressometer, in the prototype configuration, is actually testing the response of 

a soil system consisting of the soil surrounding the plate and the drill rods from plate level to the 

ground surface. The response of the system consists of shear stress along the drill rods, and 

vertical stress applied by the plate. This is a complicated system to analyze as the boundary 

conditions are unknown, or even where the boundaries of the problem actually are located. This 

is further complicated by the changes in load which occur. Perhaps the friction can be reduced 

using friction reducers or drilling mud. Again, the problem of increasing the complexity and 

reducing the desirability of the test comes into play. 

These variations in the load can be monitored and corrected during the course of the field test. 

Perhaps a closed loop control system effectively connecting the load cell to the hydraulic jack via 

a pc would be able to maintain constant load at the plate level. However, this monitoring and 

control will only add complexity to the test. The objective of this research is to simplify and 

produce a useable field instrument, not to create a mechanical and computational nightmare. 

9.0 SUMMARY AND CONCLUSIONS 

9.1 General 

The field compressometer was originally developed at the NTH during the mid 1960s as an 

in situ test to estimate the load - deformation response of difficult to sample soils. The design 

of the device incorporated the concept of simulating actual working stress - strain relationships 
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in the soil as closely as possible. Experience at the NTH has shown that the device does produce 

good test results and the engineering predictions made from the data provide reasonable estimates 

of actual settlement behavior. The testing technique does hold a lot of promise. However, the 

relative complexity of the test has prevented the development of much interest in the device. 

It is reasonable to conclude that if the means for conducting the test are greatly simplified, the 

attractiveness of the test (an in situ plate load test) will increase to the research and consulting 

industry, The addition of other soil parameters available from the test (time rate of consolidation 

of clays, for example) will only add to the attractiveness of the instrument. Perhaps the field 

compressometer would then undergo the same rise in interest and research effort that the cone 

penetrometer test has experienced, and could potentially be developed into a commonly used field 

investigation tool. 

9.2 Laboratory and Field Investigations 

The initial work in the laboratory has indicated that the use of small load increments and low 

strain levels may provide interesting and useful data for interpreting soil response to buried 

circular plates. This is directly related to the problem of the field compressometer, which is 

essentially an in situ bearing plate test. The work provides sound data for developing 

interpretation procedures. 

The proof testing indicated that the new drill rods and the tension cable reference system 

performed very well. The installation and removal of the field compressometer was very simple 

and much faster than the installation using the original equipment. The deformation system was 

also easy to set up and was stable throughout the test series. 

9.3 Friction 

The interaction of the drilling rods and the surrounding soil has proven to be an important 

factor in the prototype field compressometer. The stiffness and strength of the soil surrounding 

the drill rods control the load reaching the plate, and the stiffness of the same soil controls the 

deformation of the plate, the load to the plate can generally vary with time depending on the rate 

of deformation and the relative stiffness of the various soil components. 

The use of friction reducers or drilling mud may reduce the effect of the friction, but is not 

likely to eliminate it. The use of such methods would also complicate the test. 
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9.4 Data 

The data relevant to this study, as well as the data from related field compressometer studies, 

is presented in the appendices. A short glossary of Norwegian terms is included in Appendix A 

to assist in the interpretation of this data. 
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Figure 1 Field compressometer 
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Figure 2 Deformation of field compressometer blade 
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Figure 3 In situ installation and idealized loading condition for a buried plate 
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Figure 8 In situ configuration of the prototype field compressometer 



Figure 9 Detail of the drill rod connections 
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Figure 10 Detail of the deformation measurement system 
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Figure 11 Grain size distribution, Hokksund sand 

Figure 12 Placement of deformation plates (Kvalsvik, 1991) 
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Figure 13 Deformation patterns, shallow embedment - true scale 
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Figure 14 Deformation patterns, deep embedment - true scale 
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Figure 15 Deformation patterns, shallow embedment - exagerated scale 
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Figure 16 Deformation patterns, deep embedment - exaggerated scale 
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Figure 18 Deformation patterns, dense sand 
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Figure 19 Deformation patterns, medium sand 
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Figure 20 Deformation patterns, loose sand 
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Figure 21 Deformation patterns, dense sand -exaggerated scale 
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Figure 22 Deformation patterns, medium sand - exaggerated scale 
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Figure 23 Deformation patterns, loose sand - exaggerated scale 
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Figure 24 Load-deformation curves (after Kvalsvik, 1991) 



©    «a 

e« o s 1 a 3 

a         o" o 
% *>      Z 

A. 
M 

•= 
ä    < ) 3 

«3 
0) 

pa 

t- c r\       c •> 
■/ i       e x       t> i 

© o o 
o o 
00 

■8% 

2        2        © ©        ©        o 
VO TJ- JM 

(BcPl) amssaij 

Figure 25 Detail of Figure 24 
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Figure 26 Load-deformation curves, dense soil (after Hoff, 1993) 

Medium Sand, n = 37.6% 

«  Bearing Plate 

a  Screw Plate 

20 30 

Vertical Deformation (mm) 

50 

—I 

60 

Figure 27 Load-deformation curves, medium soil (after Hoff, 1993) 



Loose Sand, n = 43.2% 
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Figure 28 Load-deformation curves, loose soil (after Hoff, 1993) 
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Figure 29 Bearing plate results, loose sand 
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Figure 30 Detail of bearing plate data, loose sand 
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Figure 31 Field compressometer results, loose sane 
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Figure 32 Bearing plate results, medium sand 
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Figure 33 Field compressometer data, medium sand 
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Figure 34 Bearing plate results, dense sand 
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Figure 35 Screw plate response, dense sand 
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Figure 36 Modulus number estimates 
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Figure 37 Elastically calculated displacements and measured displacements (Hoff, 1993) 
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Figure 38a Elasto-PIastic response, Coulomb criteria, y> 0 CNordal, 1983) 
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Figure 38b Elasto-Plastic response, Coulomb criteria, y> 0 (Nordal, 1983) 
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Figure 40 Time history of deformation, 5 m depth, first load increment 
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Figure 41 Time history of applied load, 5 m depth, remaining load increments 
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Figure 42 Time history of deformation, 5 m depth, remaining load increments 
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Figure 43 Friction effects in the dense sand test 

• 



o 

c o 

c o 

o 

_•    £ 

suiei3o[p( 

Figure 44 Friction versus deformation, all laboratory screw plate tests 
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