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ABSTRACT 

Model laws governing the design of geomechanlcal model studies of 

underground openings in rock subjected to static loads are developed using 

dimensional analysis and the theory of models. The significant variables 

influencing the prototype which are considered in this study are free-field 

stresses, intact. rock properties, rock mass discontinuity properties, and the 

opening geometry. Body forces are considered insignificant as a first 

approximation. The prototype chosen for study is a short section of a long 

,,circular ~unnel which is underground at a depth of more than 4 tunnel 

diameters. 

The development of a modeling material which successfully models 

the intact properties of rock is described. It was found that modeling 

materials described in the literature by previous investigators were not 

satisfactory because they lacked a sufficiently high angle of internal 

friction. Satisfactory frictional strength in the materials was achieved by 

developing mixtures of sand and plaster of Paris with a dense packing of sand 

grains. 

The size of the model tested is 24" x 2411 x 811 • The design and 

development of a loading apparatus which allows independent control of the 

3 principal stresses on the block is described. Uniformly distributed loads 

of 96 tons are applied to the 2411 x 811 faces of the model. To maintain a 

plane strain condition in the model, loads of up to 144 tons are applied 

to the 2411 x 2411 faces to nul 1 strains parallel to the 811 dimension. 

Friction along the loading faces is controlled with sheets of teflon. 

Friction losses are reduced to the order of 10% or less of the applied loads. 
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The development of an instrumentation system for the model Is 

described. Of particular interest is the development of techniques for 

imbedding electrical resistance strain gages within the model material to 

measure radial and circumferential strains at points within the model around 

the tunnel. 

Some tentative observations are made concerning the feasibility 

of utilizing relatively large scale models to study the behavior of 

underground openings. 
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I. INTRODUCTION 

Geomechanical Model Study of the 

Behavior of Underground Openings 

in Rock Subjected to Static Loads 

A. Reasons for Geomechanical Model Studies 

The present needs for the excavation of large underground openings 

in rock, of unprecedented size and complexity, require a more compreJiensive 

understanding of the influence of the variables which determine the behavior 

of these openings, if they are to be designed rationally. 

Among the variables which play a significant role in the behavior 

of underground openings are: 

1. Free-field stresses~ 

a. Stress magnitude, 

b. Ratio of minor to major principal stresses, and 

c. Orientation of the stress field. 

2. Intact rock properties; 

a. Strength parameters such as cohesion, internal friction, 
and tensile strength, and 

b. Deformation parameters such as elastic constants, perti
nent inelastic deformation parameters, and failure 
strains. 

3. Discontinuities in the rock mass, such as joints, faults, and 
bedding planes; 

a. Spacing, location, and orientation, 

b. Strength parameters, determined by such qualities as 
shape, roughness, tightness, and filling of the 
discontinuities, and 

"c. Deformation parameters, which are influenced by qualities 
such as influence the strength parameters. 
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4. Geometry of the opening; 

a. Size, 

b. Shape, 

c. Orientation, and 

d. Proximity to adjacent openings. 

5. Techniques by which the opening is constructed. 

Limited field data concerning the behavior of underground openings are 

available, but it is not possible to extrapolate these data directly to predict 

the behavior at other sites where the variables listed above have different values. 

In order to do this one must have a quantitative basis for determining how changes 

in the variables will influence the behavior of the opening. To develop such 

quantitative relationships between the pertinent variables and the behavior of 

the opening empirically, data must be obtained over a wide range of the variables. 

The cost and impracticality of obtaining data from many full-scale field con

struction sites limits the usefulness of this approach. Field data do, however, 

offer the only ready means of studying the influence of construction techniques. 

Analytical methods of predicting the behavior of underground openings 

in rock are quite limited in applicability. Solutions from the theory of elas

ticity are directly applicable only to a limited number of rocks which are 

linearly elastic, and at stress levels below failure. In addition, elastic 

solutions are tractable for only the most simple opening geometries. Numerical 

analyses uti Ii zing finite element techniques are much more versatile because they 

can handle any shape openir.g in an elastic-plastic material with internal friction 

governing yield strength {for example, Reyes, 1966) and can account for major 

discontinuities. These finite element techniques, however, are limited in their 

abi Jity to accurately account for the actual nonlinear material properties of 

strength and deformation. All of the analytical methods are also restricted in 
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their ability to analyze a discontinuous mass such as encountered in 

practice, where the rock ls broken into individual blocks by a number of 

geologic features. In addition, they are generally not capable of consider

ing simultaneously a number of failure modes. 

One of the more widely used ex.perimental techniques for the study 

of openings is the use of photoelastlc models. This technique can be used for 

openings of any shape, but is restricted to the analysis of the principal 

stress difference in linearly elastic materials. A superposition of isochro

matics determined by photoelastic studies and isopachics determined by a tech

nique such as a conducting paper analog allows a prediction of potential failure 

zones In a Coulomb-Navier material (Hoek, 1967). Although this method gives 

much more information than photoelastic techniques alone, it is still restricted 

to predicting potential failure zones in linearly elastic brittle rocks and does 

not have general application to more ductile rocks and a prediction of behavior 

once yielding or fracture has been initiated. It also does not give informa

tion about deformations of the opening. 

A most promising technique for studying the influence of variables 

1 through 4 listed above appears to be the use of geomechanical models. In this 

technique, a small scale model of the underground opening is constructed in a 

material which accurately models the properties of the actual rock mass in the 

field. The model is then loaded in such a manner as to reproduce the stress 

state which exists in the real prototype underground. If the requirements of 

similitude are satisfied the behavior of the model then reproduces the behavior 

of the prototype in all respects: distribution of stresses, distribution of 

strains and deformations both elastic and inelastic, and failure modes. The 

main limitation of this technique appears to be the technical problems encountered 
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in satisfying the requirements of similitude when modeling the details of 

the geologic environment of the prototype. These problems are not insigni

ficant. 

The validity and usefulness of structural models is well established 

in many phases of engineering research and design. The most notable examples 

probably are the structural model tests of arch dams at such places as Labora

torlo Naciona1 de Engenharia Civil in Lisbon, Portugal and lstltuto Sperlmentale 

Modelli e Strutture in Bergamo, Italy. The next step beyond structural modeling 

is the use of geomechanical models in which not only the proposed engineering 

structure (or 11anti-structure11 in the case of an underground cavity) is modeled, 

but an attempt is also made to model the details of the geologic environment in 

which the structure is to exist. For example, the strength and deformability 

of different rock formations, and the frequency, orientation, and strength and 

deformation characteristics of discontinuities such as joints, bedding planes, 

and faults are modeled as accurately as is possible and practical. The engi

neering structure and surrounding geologic environment are envisioned as a single 

inter-acting unit in which the behavior of the structure itself cannot be pre

dicted without giving due consideration to the behavior of the surrounding 

geologic environment. 

The use of geomechanlcal models appears to be the only technique 

available, analytical or experimental, for determining the behavior of under

ground openings through all stages of loading and deformation, elastic and 

inelastic, up to failure. 

The theoretical basis of model studies in general (for example, 

Murphy, 1950; Langhaar, 1951) and of structural and geomechanical models in 

particular (for example, Preece and Davies, 1964; Rocha, 1958 and 1965; 
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Fumagalli, 1955, 1959, 1960, and 1964; Mandel, 1964) has been well 

established. The basis for geomechanlcal model studies of underground 

openings in rock (not considering time-dependent behavior) has been dis

cussed and developed to varying degrees by experimenters such as Barron and 

Larocque (1962), Everling (1964), Hobbs (1966), and Hoek (1965), Some 

critical aspects of similitude requirements such as boundary loading condi

tions and model material properties generally have not been adequately 

satisfied by these investigators and their work is of limited value'in a 

general understanding of the influence of the variables affecting the 

behavior of underground openings in rock. 
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B. Scope of Study 

This study consists of two phases: 

Phase 1. Development of modeling techniques Including 

a. satisfactory modeling materials, 

b. methods of loading the models, 

c. instrumentation for quantitatively measuring behavior of the 
models, and 

d. a consideration of the feasibility of testing relatively 
large scale laboratory models 

Phase 2. Tests on a number of small models to study the influence of some of 
the pertinent variables listed previously. 

The techniques developed In this study should be helpful to investi-

gators contemplating geomechanlcal model studies of proposed engineering struc-

tur~s. The test result-s an the -sma11 models wH~ ~{}Mti"ibute to the basic under-

standing of the behavior of underground openings. This Information will be 

particularly Invaluable for the design of larger models in which a more detailed 

study of the behavior can be made. The quantitative results of the study will 

also be valuable for planning a proper instrumentation program for field 

measurements because critical areas can be estimated before construction. 

This report describes the findings of the first year of work in 

' Phase 1 as outlined above. Studies In Phase 2 will be undertaken In the second 

year of study. 
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II. Similitude Considerations 

A. Fundamental Considerations 

In most physical phenomena considered In civil engineering and 

geology it ls conventionally assumed that a "cause and effect" relationship 

exists between the various independent and dependent variables which Influence 

and describe a phenomenon. This relationship Is assumed to be expressed by 

some funct I on 

• x ) - 0 n 
'{eq. l) 

where x. are the pertinent Independent and dependent variables. The function 
I 

f(xi) can usually be expressed expllcltely for only the more simple phenomena. 

It may be determined from either theoretical considerations or empirical 

studies. Because the most basic physical laws (such as Newton's Laws) are 

dimensionally homogeneous, that is their form does not depend upon the units 

of measurement, it can be hypothesized that the more complex function f Cxi) Is 

also dimensionally homogeneous, even though It Is not expllcltely known. 

The theory of dimensional analysis, founded In the mathematical 

theories of algebra~ is summarized In Buckingham's theorem (Langhaar, 1951, 

P· 18) which essentially says that from the dimensionally homogeneous function 

or equation describing the phenomenon, It ts possible to develop a relationship 

In which the variables appear In a set of dimensionless products. (For a more 

complete discussion see texts such as Murphy, 1950, or Langhaar, 1951). In 

practice, dimensional analysis allows us to determine these dimensionless pro-

ducts, given the pertinent variables, even though we do not knON the form of 

the function f (xi) which describes the phenomenon. Thus, from eq. 1, which ls 

the basic fu~ctlon relating the pertinent variables x1 In a description of the 

phenomenon, we arrive by a dimensional analysis at 
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7T . . 
I 

• 7T ) 
m = 0 (eq. 2) 

as a description of the phenomenon. Each often called a Buckingham pi 

term, is a dimensionless product of some number of the original x. variables. 
I 

Generally, the number m of independent pi terms is related to the number n of 

the x. variables and to the number r of fundamental dimensions (such as mass, 
I 

length, time, temperature) which are involved in the x. variables by 
I 

m == n - r (eq. 3) 

There are several advantages which may be gained from the dimensional 

analysis. First, the relationship between the xi variables in the 7Ti terms 

often gives valuable insight into the phenomenon being considered. Secondly, 

the phenomenon is described in terms of a fewer number of variables, only m 

pi terms instead of the n original variables. This reduction of variables ls 

often important when studying the phenomenon experimentally since it frequently 

reduces the number of experiments which must be run. A third advantage is that 

the dimensional analysis provides a theoretical basis for model studies, by 

which it may be possible to reduce even further the cost involved in studying 

the phenomenon being considered. 

The function given in eq. 2 is dimensionally homogeneous and completely 

general. If them pi terms are independent and contain all of the pertinent 

variables x. which influence and describe the phenomenon, then the function 
I 

F completely describes the phenomenon, regardless of the scale of units with ( 7T . ) 
I 

which the quantities x. are measured, and regardless of the absolute magnitude 
I 

of the x. quantities. This means that if we wish to utilize models to study the 
I 

behavior of a prototype, we can be assured that the behavior of the model dupl i-

cates the behavior of the prototype in all respects if each of the pi terms for 

the model is equal to the equivalent pi term for the prototype, that is, if 
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(7r.) d 1 
1 mo e = (7r i) prototype (eq. 4) 

If such a condition exists, all requirements of similitude have been satis-

fied, the model is said to be ••completely similar'' to the prototype, and the 

phenomenon in the model is an exact replica of the phenomenon in the prototype. 

Several major problems develop in the practical application of 

dimensional analysis to modeling. One is that it generally is technically 

impossible to insure that all of the x. variables which influence th~ prototype 
I 

are considered in the dimensional analysis and are accurately reproduced in the 

model by equating the TI. terms of the model and prototype. For satisfactory 
I 

modeling it is necessary that the phenomenon be understood well enough to know 

what variables x. are most significant and which pi terms 7T. must be duplicated 
I I 

most rigorously so that the model give_s_ the_mos_t-acc-u-r~te sJmula-tion of the-

prototype which it is both possible and practical to attain. 

In this approximation of the prototype by the model a second major 

problem arises in what are known an "scale effects". For example, as the 

physical size of the model varies, the relative importance of different forces 

may vary also. Body forces such as weight due to gravitational attraction vary 

as the mass of the body, hence as the cube of linear dimensions, while surface 

forces such as pressures vary as area, hence as the square of linear dimensions. 

Thus, as the physical size of a model is reduced, the influence of body forces 

decreases more rapidly than that of surface forces. It is possible that the 

behavidr of the prototype may be strongly influenced by body forces, but when a 

model is made at a reduced size, its behavior may be strongly influenced by sur-

face forces which are insignificant in the prototype. Careful consideration 

must be given to the selection of pertinent variables and the possibility of 

scale effects in developing a model testing program. 
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B. Selection of Significant Variables 

The dimensions of mass M, length L, and time T, are probably the 

most commonly used dimensions by which physical phenomena are described. An 

equally valid set of basic dimensions is force F, length L, and time T. For a 

static system such as Is being considered, only force F and length Lare 

involved. This is the set which will be used in the following analysis. 

The significant variables associated with the behavior of an under-

ground opening which will be considered are given in Table 1. A number l in 

the dimensions column means that the variable is dimensionless, a pure number. 

1. Free Field Stresses 

The prototype chosen for study is a segment of a long straight horl-

zontal tunnel buried underground at a depth which Is several times greater than 

the tunnel diameter. The most significant forces influencing the tunnel behavior 

are assumed to be due to the free field stresses which would exist at the loca-

tion of the tunnel if It were not present. The two free field stresses considered 

av and ah' are the vertical and horizontal stresses in a plane perpendicular to the 

tunnel axis (Fig. 1), and are assumed to be principal stresses (which they would 

be in an elastic half space with a horizontal surface). The magnitude of the 

third principal stress, a
1

, the horizontal stress parallel to the tunnel axis, 

will be considered later. 

The vertical free field stress a is assumed to be due to the weight 
v 

of the overlying material, and at any depth z below the surface, it Is given by 

a v = Y z ( eq . 5) 

where y is the average unit weight of the overburden. Following the arguments 

of Terzaghi and Richart (1952), the horizontal free field stress ah Is assumed 

to be given by 

' 
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Table 1 Significant Variables 

Variable Dimensions 

1. 1. Free field stresses, assumed to be principal stresses 

crv' the vertical free field stress . 

crh' the horizontal free field stress 

2. Intact rock properties 

c or q , cohesion or unconfined compressive 
u 

strength, use either one 

~, angle of internal friction 

crt, tensile strength 

E, modulus of elasticity 

~~Poisson's ratio 

3. Properties of joints or other discontinuities 

in the rock mass 

s, average spacing of the discontinuities, 

considering only those parallel or perpendi-

cular to the axis of the opening 

a, Inclination, with respect to the horizontal, 

of the discontinuities parallel to the axis 

of the opening 

C., cohesion along the discontinuities 
, J 

~j' friction angle along the discontinuities 

4. Geometry of the opening 

d, diameter 

·u, radial deformations of the opening wall 

e, strain within the rock mass behind the opening 

L 

L 

L 
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= {eq. 6) 

The coefficient N{z) relating av and ah ls intimately related to the present 

geologic environment and the previous geologic history of the site and may vary 

over a wide range of values. 

One extreme value of N{z) occurs in regions in which high horizontal 

compressive stresses exist due to tectonic activity in the earth's crust. In such 

a case ah may be significantly greater than av' with N(z) > 1. Geological obser

vations and recent rock mechanics investigations offer ample evidence that such 

stress states have existed in the past and do exist at present in regions of oro-

genie activity. The probability of a tensile horizontal free field stress in a 

position such as the crest of an anticline during an orogenic phase is considered 

to be insigiificant for engineering purposes. It is assumed that jointing and 

no-nnal faul-ti-rrg woul-d --reH-eve any such -str-es-s-es -which develop. n"lus, the other 

extreme value of N(z) would occur if the rock at the tunnel site had been able 

to expand laterally due to the Poisson's ratio effect under the gravitational 

loading of the overlying material. In this case N{z) = 0, ah= O, and a uniaxial 

gravitational stress field a exists. Generally however, the rock is restrained v 

to some degree by the adjacent portions of the earth's crust, and N(z) > O. 

If the portion of the earth's crust under consideration behaved as an 

ideal elastic half-space loaded by its own weight with no lateral expansion, the 

horizontal stress at any point would be given by 

= = {eq. 7) 

where vis the Poisson's ratio of the material. In the absence of tectonic 

stresses, such a stress state might be considered typical for a sedimentary 

rock mass deposited in horizontal beds with no lateral expansion of underlying 

beds during the deposition of overlying sediments. However, there are a number 

of reasons why such an assumption may be seriously in error. The erosion of 
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stream valleys through the sedimentary sequence may relieve horizontal stresses 

near the valley walls, but lead to a stress concentration near the valley floor, 

analogous to the stress rarefactions and concentrations around a notch in a 

tension member. The erosion and removal of a significant depth of overlying 

material over a wide area will lead to a reduction of the vertical stress a 
v 

proportional to the depth removed. But the horizontal stress ah is not reduced 

proportionally because of the inelastic nature of the rock. This leaves a 

residual 11 locked-in11 component of the horizontal stress so that the resultant 

" horizontal stress ah Is not related to the existing depth of overburden as 

predicted by eq. 7, but is larger. This phenomenon has been verified expert-

mentally for sands and clays by Hendron (1963) and Brooker (1964), respectively. 

The same effect can be produced by the melting of great thicknesses of Ice 

such as existed in areas of continental glaciation during the Pleistocene. 

The only conclusion which can be drawn concerning the function N(z)' 

then, is that it is very Intimately related to unknown details of the geologic 

environment and history of the site and can not be predicted with any accuracy. 

It will be assumed for this study that N(z) Is a constant for the tunnel site and 

is not a function of depth z, hence it will be symbolized by N rather than N(z)' 

The concept and symbol of K , the coeff lcient of earth pressure at rest, as 
0 

presented by Terzaghi (1943), is not used here because it is understood to mean a 

condition of gravity loading with no lateral deformation in the earth's mantle or 

crust. This would not Include, then, the possibility of horizontal deformation 

and very high horizontal stresses due to tectonic forces, a condition which must 

be considered in rock masses. Instead of arbitrarily choosing a numerical value 

of N for the model testing program, so that only two of the variables, crv or crh' 

is independent~ both crv and ah will be considered as Independent variables. 

Mindlin (1939) has developed rigorous solutions for stress distribu-

tions around a circular tunnel In an elastic half space under gravity loading 



14 

with N values of O, v/1-v, and 1. His results (see Panek, 1951; or Caudle 

and Clark, 1955, for more detail) show that if the tunnel ls at a depth of 3 

tunnel diameters or more, the stress distribution around the tunnel can be 

approximated very closely by the distribution of stresses about a circular hole 

In a biaxially loaded elastic flat plate, as determined by the Kirsch equations 

(see for example Timoshenko and Goodier, 1951; or Obert and Duval, 1967). In 

both cases the zone in which stresses are significantly influenced by the 

tunnel has a width of about 4 times the diameter of the tunnel. 

These observations allow a considerable simplification in modeling 

the stress field about the tunnel. The observation that the zone of influence 

of the tunnel is about 4 tunnel diameters wide means that the stress distribu

tion on a square whose sides are 4 tunnel diameters long, concentric with the 

tunfte1, i-s ve:--y clO£el-y-approximatecLb';' -that illustrated In Fig. l~ where av and 

ah are the free field stresses at the location of the tunnel axis, and Aav and 

Aah are the changes in the free field stresses between the top and the bottom of 

the zone due to the weight of the material within it. This is the free field 

stress distribution due to gravity loading of the elastic half space. 

The observation that Mindlin's (1939) solutions for tunnels buried at 

more than 3 tunnel diameters are closely approximated by Kirsch's solution 

means that the stress distribution of Fig. l can be approximated by that of 

Fig. 2 with negligible error. This means that for the elastic case the stress 

distribution around a tunnel underground at a depth of more than 3 tunnel 

diameters is more strongly influenced by the average free field stresses at 

the tunnel location than by the gravity forces on the material within the zone 

influenced by the tunnel. When modeling the static behavior of a tunnel in 

this situation only the average free field stresses as illustrated by Fig. 2 need 
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be modeled and the body forces can be neglected. On the basis of the preceding 

arguments the body forces and associated variables such as the density of the 

material are not considered in the list of significant variables for the present 

study. 

2. Intact Rock Properties 

A discussion of the failure mechanism of rock materials Is beyond the 

scope of this project. The reader is referred to papers such as Bleniawskl (1967) 

" as an example of recent work in this area. Regardless of the actual failure 

mechanism in rock materials, it is generally observed that some form of Mohr 

envelope can be fitted to observed experimental data and used to predict rock 

strength. In order to simplify the dimensional analysis and subsequent discussions, 

it will be assumed that the general curvilinear Mohr envelope can be approximated 

by a straight line in the compression pressure range of interest, so that the 

general Mohr failure criteria 

(eq. 8) 

can be replaced by the more specialized Coulomb-Navier failure criteria 

1 = c + a tan ~ (eq. 9) 

(For a more detailed discussion of failure criteria, see Nadai, 1950; Seely and 

Smith, 1952; Jaeger, 1962; Obert and Duval, 1967). 

The two independent Coulomb-Navier strength parameters are the cohesion 

c and the angle of internal friction~. An alternate and equally valid pair are 

the unconfined compressive strength qu' and the angle of internal friction ~. 

Either c or q , in conjunction with~. are necessary and sufficient to define 
u 

the failure state and describe the failure envelope. In addition, the tensile 

strength at must be defined, since eq. 9 is not valid in the tensile strength 

range. The complete failure envelope, then, is as shown in Fig. 3. A rigorous 
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consideration of the actual curvilinear Mohr envelope does not change the 

basic conclusions of the dimensional analysis. 

The elastic constants, the modulus of elasticity E and Poisson's 

ratio v, relate stress and strain assuming the Intact rock exhibits a quasi

elastic behavior at low and intermediate stress levels. In general this quasi

elastic range is followed by a range in which inelastic strains occur, and 

then by some form of failure such as fracture or plastic deformation (Fig. 4). 

No variables are Included to describe the inelastic and plastic regions for two 

reasons: 1) the wide range of behavior exhibited by different rocks, and 

2) the scarcity of real numerical description and data for this portion of the 

stress-strain curve. It ls recognized that the other types of behavior exist. 

For example, a concave upward stress-strain curve is commonly observed at low 

stress levels for very porous rocks, for h-lghly weathered rocks, and for thinly 

bedded or foliated rocks compressed perpendicular to the bedding or foliation. 

The initial quasi-elastic behavior Is probably more common, however, and is 

much more simple to consider and model. 

Time-dependent behavior such as creep or viscous deformation is not 

considered. These properties of real rock are so poorly known and understood 

that any attempt to consider them In modeling the behavior of underground open

ings must be considered a very questionable practice for the "present state of 

the art." The one exception to this statement would be in the case of underground 

openings in the evaporites: rock salt, potash, and possibly gypsum and anhydrite. 

For these rocks viscous behavior Is so pronounced that it must be considered, 

Indeed, because it is so pronounced it can be and has been studied enough so 

that intelligent attempts to model the viscous behavior of such rocks can be 

made. 
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3. Discontinuity Properties 

The Influence of discontinuities such as joints, faults, and bedding 

planes upon the mechanical behavior of a rock mass is well recognized by compe-

tent workers in the field of rock mechanics and their Inclusion in the list of 

significant variables influencing the behavior of underground openings needs 

no justification here. 

The geometry of the discontinuities is defined by their average 

spacings and their orientation a. The possibility of discontinuities jnter-

sectlng the tunnel axis at an acute angle will not be considered in this initial 

modeling program. The significance of these variables ls widely recognized and 

their selection needs no defense. An attempt to consider the details of the 

discontinuity surface, such as surface roughness, is beyond the scope of the 

Initial model testing program. Mare_ave_r,_ the_ influencaof the5_e__de_taLls_ is_ 

inherent in the shear strength parameters of the joints. Hence these details 

are considered indirectly. 

Theoretical considerations and model studies (Patton, 1966) and tests 

on actual rock surfaces (Patton, 1966; Corps of Engineers, 1964, 1965; Lane and 

Heck, 1964; and Jaegar, 1959) indicate that the shear strength of rock mass 

discontinuities may be represented by a Mohr Failure Envelope which may be 

approximated by segments of l or 2 straight lines, and that both a cohesion 

intercept cj and a friction angle ~j are needed to define the segments (Fig. 5; 

see Patton, 1966, for a more complete discussion). 

~. are included In the dimensional analysis. 
J 

4. Opening Geometry 

Hence the variables c. and 
J 

The variables selected to describe the geometry and behavior of the 

opening are well understood and their selection needs no explanation. 
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C. Development of Model Laws 

The behavior of the prototype tunnel is assumed to be determined 

and described with sufficient accuracy by the variables given in Table 1. 

These variables are the x. terms of Eq. 1, which then becomes 
I 

f (av , ah , c or q u , <I> , at , E , \I , s , a , c j , <I> j' d , u , e:) = 0 ( eq • 1 0) 

The next step in the determination of the similitude requirements 

governing a model study of this phenomenon is to perform a dimensional analysis, 

that is, to determine a set of pi terms as in Eq. 2. By inspection of Table 

and Eq. 3 it is seen that there are m = n - r = 14 - 2 a 12 dimensionless pi 

terms which describe the phenomenon. Rigorous methods are available for 

determining a complete set of independent pi terms (see for example, Langhaar, 

1951; or Murphy, 1950). However, a complete set for the variables in Table 1 

can be determined by inspection, and are given in Table 2. 

Table 2 

Dimensionless Pi Terms 

ah av 

av qu 
defining loading: 

defining intact rock: 
at E 

cp, q'' \) 

qu u 

c. s _.!_ 
<I>. d ' a, c I 

J 
defining discontinuities: 

u 
d ' e: defining geometry and deformations: 

Equation 2 then becomes 

ah av at 
<I>' 

E s ~ u 
e:) 0 F (- ' \)I d ' a, ' <l>j I d I = 

a qu qu qu c 
v 

(Eq. 11) 
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This is the dimensionless functional relationship describing the phenomenon. 

If the model study is to accurately reproduce the prototype field behavior, 

it is necessary that the pi terms as given in Table 2 and Eq. 11 be identical 

for the model and the prototype, as indicated by Eq. 4. That is, for example: 

C1 

(....!!.) mode 1 
av 

(~) model = 

C1 

(....!!.) prototype 
C1 v 

(~) prototype 

and so on for the rest of the pi terms. 

(Eq. 12) 

If the symbol K ls used to represent the ratio between the value of 
xi 

one of the xi terms in the model and in the prototype, for example: 

K = 
C1 v (a) prototype 

or (d) model ( Eq. 13) (d) prototype 

then the requirements of similitude as given in Eqs. 4 and 12 dictate certain 

relationships which must exist between the K terms. The K ratios are called 
xi xi 

the scale factors, and the relationships between them are called the model laws. 

The model laws for this phenomenon, as derived from the pi terms of Table 2 by 

simple algebraic manipulation, are given in Table 3. 

linear dimensions L: 

stresses cr: 

strains e:: 

angl~s ~: 

Table 3 

Model Laws 

K = K = e: v 
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The model laws of Table 3 show that all of the x. quantities having 
I 

the dimensions of length L scale in the same ratio KL between the model and 

the prototype, all x. quantities having the dimensions of stress F/L2 scale in 
I 

the same ratio K, and all dimensionless quantities such as strains and angles er 

have the same magnitude in the model as in the prototype. Furthermore, the 

model laws show that the scale factors for lengths and stresses, KL and Ker' are 

independent and may be chosen arbitrarily. 

If the model laws of Table 3 are satisfied, the requirements of Eq. 4 

are satisfied, the model is "similar" to the prototype, and it behaves exactly 

as the prototype. By measuring the x. quantities in the model, the x. quantities 
I I 

of the prototype can be predicted through the scale factors: The accuracy with 

which the predicted prototype behavior matches the actual prototype behavior 

depends upon two factors: 

1. The accuracy of the assumption that the x. quantities of 
I 

Table l are the quantities which determine and describe the 

phenomenon, and 

2. The accuracy with which the model laws are satisfied. 



21 

D. Model Material Requirements 

Some very stringent requirements on the behavior of the model 

material are implicit in the modeling ratios given above. The model laws 

K = K = K = K and K~ = 1 require that on any dimensionless plot of 
at q u cr v crh "' 

strengths, the data for both the model and prototype materials must collapse 

onto a single line. For example, if Fig. 6 were the Mohr envelopes for the 

prototype and model materials, then on a dimensionless plot of Tlq vs cr/q u u 

such as Fig. 7, the envelopes for the two materials must coincide. On~any 

other dimensionless strength plot, such as (cr 1 - cr
3
)/qu vs cr 3/qu, the strength 

envelopes for the two materials must also coincide. 

A similar relationship exists for the deformation characteristics of 

the model and prototype materials. The modeling ratios KE= Kqu' Ke= 1, 

K = t~ and the strength requirements given above require that the materials 
\) 

have the same Poisson's ratio and that on all dimensionless plots of strains 

or deformations vs stress the curves for the two materials must coincide. For 

example, if Fig. 8 were the stress-strain curves for the model and prototype 

materials at comparable confining pressures, i.e., at a value of cr
3
/qu which is 

the same for both materials, then on a dimensionless plot of (cr 1-cr
3

)/quvs e, 

the curves for both materials must coincide as in Fig. 9. This means, for 

example, that in triaxial compression tests at comparable confining pressures, 

the materials must fail at the sarre strains. Hence, on a dimensionless plot of 

€failure vs cr3/qu, the data for the two materials must collapse onto a single 

1 ine. 

In practice these requirements are almost impossible to satisfy. In 

a model study of a linearly elastic phenomenon, the strength modeling laws do 

not exist, and"the deformation modeling laws are not so critical since the 

stress-deformation relationships are linear. For example, K = 2 may be 
€ 
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allowed without seriously affecting the accuracy of the model. For a model 

study in which inelastic deformations and failure conditions are important, 

however, the model laws must be satisfied as nearly as possible. Patterns of 

stress and strain distribution in the prototype may change markedly as non-

1 inear, inelastic deformations occur and as failure conditions are approached 

or reached. If the model laws are not satisfied and the model materials do 

not fulfill the requirements outlined above, the patterns of stress and strain 

distribution in the model may differ considerably from those of the pro'totype. 

In modeling studies the most common solutions of this di lemna· are 

either 1) to conduct tests in only the quasi-elastic, working-stress range, 

where the model material requirements are not so critical; or 2) to build the 

model from essentially the same material as the prototype, as is done in 

mi croconcrete mode 1 studies or re-i nrorced concrete struc~ures. The~e approaches 

are not feasible in geomechanical model studies of underground openings, however. 

In the first case, underground structures are highly indeterminant so 

that local failures can develop without leading to complete failure of the 

structure. In fact, the economics of underground construction often demand 

that such local failures be tolerated. Hence, a study of the low stress, 

quasi-elastic behavior is not sufficient. 

The seco~d approach is not feasible for two reasons. First, the 

discontinuities in the actual rock mass exist on a physical scale such that 

it is impossible to obtain samples of the rock mass small enough so that 

accurate model studies can be performed. Secondly, the strength of the rock 

materials is generally so great that the size of models constructed of the 

prototype material which can economically be loaded to failure in the laboratory 

are too small to be of interest. Hence it is necessary to use artificial, low 

strength materials for the construction of geomechanical models. 
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Data for intact rock (for example, Deere and Miller, 1966; Deere 

and Hendron, 1965; Hand•n and Hager, 1957; Handin, et al, 1963; Corps of 

Engineers, 1964, 1965, and 1966; and Robertson, 1955) indicate that on the 

average, the properties of intact rock are such that the tensile strength is 

about 5% to 10% of the unconfined compressive strength and the modulus of 

elasticity is about 250 to 500 times the unconfined compressive strength 

(E being the tangent modulus at 50% of qu)' while the angle of internal 

friction commonly varies between 25° and 60°, and vis between 0.1 and 0.3 • 

That is, for actual rock: 

a 
5% < _t < 10%; 

qu 
250 < L < 500; 

qu 

., 

25° < ~ < 60°; o. 1 < v < 0.3 

The material chosen for the construction of the model must also have proper-

ties within these ran~es if similitude is to be achieved. 

Test data indicate that rock specimens typically fail in unconfined 

compression at axial strains of 0.2 to 1.0 percent. In triaxial compression 

at confining pressures equal to their unconfined compression strength, rock 

specimens reach a peak stress difference (a 1 - a
3

) at axial strains which may 

range widely, from around 1% for dense Igneous rocks up to 10% to 20% or 

more for ductile shales or evaporites. Rocks commonly exhibit dilation during 

shear, possible exceptions being very porous sedimentary or volcanic rocks 

whose porous structure collapses during shear, or some evaporites which may 

fail by intercrystalline gliding with no volume change. A general modeling 

material should exhibit dilation during shear to satisfy similitude. 

Typical stress-strain curves for a wide range of rock types are 

given in the references listed above. The modeling material chosen should 

possess stress~strain curves which are of the same shape as those of a typical 

rock, as in Fig. 4. 
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Experimental studies of the frictional properties of natural joints 

in rock (Deere and Hendron, 1964; Lane and Heck, 1964; Corps of Engineers, 

1964, 1965; Jaeger, 1959) suggest that the angle of friction along a rock 

joint may range from about 25° to 40°, i.e., 

material should have a similar value of~ .• 
J 

25° < ~. < 40°. 
J 

The model 

If a modeling material is being chosen to model the general behavior 

of rock, it should have properties falling within the ranges given above. 

Preferably it would have intermediate properties and would not be at the 

extreme of any of the ranges listed. More difficulty would be experienced if 

a modeling material were being selected to model the behavior of a particular 

rock type, or more specifically, rock from a given formation at a given locality. 
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E. Model Configuration and Boundary Conditions 

For the initial testing program a model configuration should be 

chosen such that it is easy to construct, load, and monitor, and so that it may 

be compared with theoretical predictions of behavior as a test of the accuracy 

of the modeling techniques. A circular, cylindrical opening modeling a long 

tunnel satisfies these requirements best. It could readily be cored out of a 

block of model material, it would be most easily monitored by various types of 

instrumentation, and its mathematical simplicity and symmetry have made it .,, 

most conducive to theoretical consideration so that a number of relationships 

are available for predicting its behavior. 

An inspection of the scale factors and modeling laws presented 

previously shows that the length scale factor KL may be chosen arbitrarily. 

The only modetLng- !"e-Q-U-irementS- on Une_ar dimensions are that j_oint spacing_ be 

modeled in the same ratio as the tunnel diameter, and that the deformation of 

the tunnel will have this same scale factor. For ease of instrumentation of 

the model it is desirable that the model be as large as possible, but for 

economy in the construction of loading apparatus, it is necessary to keep the 

model as small as possible. 

The tunnel opening should be about 4 to 6 inches in diameter for ease 

of installation of various instrumentation for monitoring the behavior of the 

tunnel and the mass in which it is contained. The block containing the tunnel 

should be a rectangular shape for ease of application of a polyaxial stress 

state. It should be at least 4 to 6 tunnel diameters in width so that a 

relatively uniform "free field stress state11 can be achieved in the area in 

which the tunnel is to be placed, away from the loading heads. The length 

of the tunnel should be at least twice the tunnel diameter in order to minimize 
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"edge effects" on instrumentation placed at the center of the model around 

the tunnel. It is believed that a 411 diameter tunnel in a model block 2411 

x 24'' x 811 would satisfactorl ly meet the requirements (Fig. 10). 

As a matter of convenience, and since body forces are being neglected 

the model would be tested on its side, that is, with the 24" x 24 11 faces 

horizontal. This would greatly simplify the design of the loading apparatus. 

However, this testing position might disturb the tunnel behavior once failure 

has been initiated. In the prototype, gravity body forces acting on the rock 

around the tunnel wi 11 often cause rock to fall from the crown after failure 

has been initiated by the free field stress concentrations around the tunnel. 

This behavior would not be duplicated when the model is tested lying on its 

side. Observation of the model behavior will be a means of evaluating the 

sign rf j-cam;e -of -thh -discrepancy. 

As discussed previously, the lateral loading boundary condition would 

be uniform lateral pressures on the sides of the model, that is, a uniform 

distribution of the crv and crh pressures (Fig. 2). This would simulate a 

uniform distribution of the vertical and horizontal free field stresses some 

distance from the tunnel. 

If the model is to represent a segment of a long tunnel, the boundary 

condition in the longitudinal direction, parallel to the tunnel axis, would 

be that of plane strain, with no deformation in the cr
1 

direction (Fig. 10). 

In order to duplicate this plane strain condition in the laboratory it would 

be necessary to place some sort of restraint against the 24" x 24" faces of 

the model, such as: 

1. Uniform pressures against the two faces, controlled during 

the test to null any longitudin~l expansion which tends to 

develop as the lateral loads are applied, or 
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2. Rigid heads against the two faces, tied together across the 

model to prevent longitudinal expansion, or 

3. A combination of the first two concepts, consisting of rigid 

heads placed against the faces of the model, with a controlled 

load applied to the two heads to null any longitudinal expan-

sion which tends to develop as the lateral loads are applied. 

The only reasonable alternate laboratory loading condition would be a biaxial 

plane stress loading. 

In the elastic case, for a given set of free field stresses crh and 

cr , the lateral stress distribution around the tunnel is independent of the 
v 

longitudinal stress cr1 • That is, stresses in the plane perpendicular to the 

tunnel axis are the same for both the plane strain and the plane stress con-

ditions. 

When the elastic range is exceeded and failure is initiated, both 

stresses and strains in the lateral directions would be influenced by the 

longitudinal stress. Failure, whether in the form of a shear fracture or 

plastic deformation, would in general be accompanied by dilation of the mass. 

If the plane strain condition is maintained, this volume increase must be 

expressed by inward movements of the tunnel walls and an increase of compres-

sive stresses around the zones of dilating material. But if a plane stress 

condition exists, the volume increase may be relieved by expansion in the 

longitudinal direction, resulting in a significantly different distribution 

of stresses and strains. 

Also, if a plane stress condition exists, with cr 1 = 0 and both ah 

and a being compression, then it would be expected that a shear fracture might 
v 

develop in a plane which is perpendicular to the plane containing cr1 and the 

highest compressive stress, either crv or crh, independent of the existence of 
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of the tunnel. This type of failure was observed by Muller and Pacher 

(1965) on similarly shaped blocks which were loaded in a plane stress 

condition. 

Hence, it is Imperative that a restraint be placed In the longi

tudinal direction and that a condition of plane strain be maintained or 

approximated in the model in some manner such as the three listed above. 

In summary, the boundary conditions for the model are that It be 

loaded under plane strain conditions, with no longitudinal deformation and 

with a uniform distribution of applied lateral pressures. 
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I II. Development of Geomechanical Modeling Techniques 

Because one of the major objectives of this study ls to develop 

basic techniques of geomechanical modeling which may be of use to future 

investigators, the failures as well as the successes of the study will be 

presented in some detail. An attempt will be made to present the reasoning 

which led to the development of the different techniques and to present 

alternate solutions to the different problems which were considered but 

rejected for one reason or another. 

A. Modeling Materials 

I 

1. Introduction and Plaster of Paris Chemistry 

A literature study has indicated that the materials which have 

been used most widely and with the most success for modeling rock have been 

a mortar or matrix material such as Portland cement or plaster of Paris with 

or without an aggregate or filler such as a diatomaceous earth, sand, kaolinite, 

pumice, or a number of heavy minerals such as galena and barite. The most 

commonly used material has probably been a mixture of water, plaster of Paris, 

and diatomaceous earth. This material is quite easily mixed, molded, cured, 

and cut or shaped when dry. Data from the literature (Barron and Larocque, 

1962; Raphael, 1960; Rocha and Serafim, 1955) show that the unconfined 

compressive strength and modulus of elasticity of this material can be 

varied over a wide range by varying the water/plaster ratio of the mix. 

Diatomaceous earth is added as an inert filler to the mixtures of high 

water/plaster ratio to reduce bleeding problems and segregation of the water 

and plaster during mixing and molding. These materials model the behavior of 

rock quite well in uniaxial compression with the exceptions of having a somewhat 

high E/qu ratio of 500 to 800, and high tensile strengths of 15% to 30% of the 
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unconfined compression strength. No data were found in the literature on the 

behavior of these materials in triaxial compression. Some data was available 

on the behavior in direct shear of plaster-kaolinite and plaster-sand mixtures 

(Patton, 1966). The direct shear properties of these two materials were 

almost identical, but the plaster-kaolinite material had better unconfined 

compression and tensile strength properties than both the plaster-sand mixtures 

and plaster-diatomaceous earth mixtures. Hence, material studies were begun 

with plaster-kaolinite mixtures. 

The plaster used was U.S. Gypsum Red Top No. 1 white molding 

plaster, which the manufacturer describes as being 97% to 98% calcium sulfate 

hemihydrate, Caso4 · 1/2 H2o, commonly known as plaster of Paris. This 

material is manufactured by calcinating gypsum (calcium sulfate dihydrate) 

according to the equation: 

Caso4 · 2H 20 ~ CaSo4 • 1/2 H
2
o + 3/2 H2o 

Gypsum+ heat + Plaster of Paris +Water 
(Eq. 14) 

When the plaster is mixed with water the reaction is reversed a~d the hemihydrate 

dissolves and recrystallizes as the dihydrate, forming an inter-knitted network 

of monoclinic gypsum crystals which give the mass its strength (see Raphael, 

1960; Eckel, 1922; Ladoo and Myers, 1951; and White, 1926, for more detail). 

Very little water is needed to convert the hemihydrate to the 

dihydrate, the weight of water required being only 18.6% of the weight of the 

plaster. A greater amount of water is needed, even for a pure water-plaster 

mixture, to produce a mix that is fluid enough to be poured. This excess, free 

water serves as a medium in which the hemihydrate solution and dihydrate 

crystallization occurs, and may easily be lost by evaporation in air at 
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standard room atmospheric conditions. The loss may be speeded by oven drying 

if desired. The hemihydrate, plaster of Paris, is produced from gypsum com

mercially by heating the gypsum to temperatures in the range of 300° F. It is 

frequently stated in texts that the dehydration occurs at temperatures above 

about 212° F, the bolling point of water. It was found that water content 

determinations as usually performed on soils, heating samples of 20 to 40 

grams at about 225° F for 24 hours, completely converted the dlhydrate back 

to the hemihydrate. This is the procedure which was adopted for wate~ content 

determinations for this study. Hence, the reported water contents are based 

upon the combined oven dry weights of the hemihydrate and the inert filler, 

kaolinite In this initial case, and the water considered includes both the 

chemically unbound free water in the pores of the model material and the 

chemically bound wa-ter of hydrationv-1hich combinesw~th thehemihydrate-to

form the dihydrate. 

The setting and hardening of plaster of Paris is a very rapid 

reaction. A water/plaster/kaolinite mixture of 2/1/2 becomes solid enough 

within 11 or 12 minutes to support the Gillmore needle used to define the 

initial set of concrete mortar. This rapid reaction rate does not allow 

enough time for large volumes or a number of cylinders to be mixed and cast 

before the mixture sets. Various chemicals can be added to slow down the 

process of hemihydrate solution and dihydrate crystallization. Anhydrous 

dibasic sodium phosphate, Na2HPo 4, was used as a retarder. Figure 11 shows 

the effect of adding small amounts of this retarder as a powder to the dry 

mixture of plaster and kaolinite before they were added to water. It was 

decided to use 0.5% of this retarder giving a setting time of about 60 minutes, 

which was adequate for mixing and casting large batches. 
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2. Plaster of Paris/Kaolinite Curing Characteristics 

A modeling material with a low unconfined strength is necessary for 

economy of design of the model testing and loading apparatus. A water/plaster 

ratio of 2/1 was chosen to give this low strength. Data in the literature 

indicated that an unconfined strength of 200 psi to 500 psi could be expected 

from this water/plaster ratio. The kaolinite used was Kaolin NF, 400 clay, 

code 5643, obtained from the Mallinckrodt Chemical Works, St. Louis, Mo. 

Initial tests indicated that a water/plaster/kaolinite mixture of 2/1/2 gave 

a quite workable mix which was easily mixed and poured, although it exhibited 

considerable shrinkage during drying. A number of cylinders were tested in 

unconfined compression after being subjected to several different curing 

procedures in an attempt to study the different variables of significance in 

curing the mateti~i. 

A parameter which proved useful in this study was called the weight 

ratio, WR, which is defined as WR= 1 + w where w. is the initial water 
1 + Wj ' I 

content at the time of mixing, and w ls the water content at any particular 

time. The weight ratio WR at any time is also equal to the weight of the 

material at the given time divided by the initial wet weight immediately after 

casting. For the mix used, considering the water content of the air dried plaster 

and kaolinite, the initial water content w1 was 70.0%, hence, the relationship 

between WR and w is WR= 0.589 (1 + w). It was found that almost all the free 

water was removed from the material at an air dry equilibrium water content w 

of about 8 1/2 %, which corresponds to a weight ratio WR of about 63.9%. If 

a specimen is at a water content or weight ratio above these values it contains 

excess free water in the pores of the material, but if it is below these values, 

part of the water adsorbed by the kaolin has been removed and/or part of the 
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dihydrate, gypsum, has been dehydrated to the hemihydrate, plaster of 

Paris. 

Figure 12 shows drying curves for cylinders cured in air in the 

ambient atmosphere of the laboratory. The rate at which the cylinders dried 

was controlled by varying their exposure. One group of cylinders were extruded 

from their molds at 2 days after casting and dried to an equilibrium water 

content by about 14 days after casting. A second group which was left in the 

mold until 8 1/2 days before being extruded reached equilibrium at about 20 
~ 

days. A third group was left in open-end molds until dry, and reached equill-

brium in about 32 days. All groups reached essentially the same equilibrium 

water content of 8 1/2% to 9%, corresponding to a weight ratio of about 64%. 

Drying curves for cylinders in ovens at different temperatures are 

shown ~n ngure 13. Spec::imens- dried a-t 225° F' droppedw-ithin 11/2 days- to a-

weight ratio of 59%, then lost no more water, indicating a loss of all free 

water and removal of enough water of hydration to convert the dihydrate to 

hemihydrate, i.e., they dropped to 0 water content. Specimens dried at 115° F 

dropped within 2 days to a weight ratio of 64 1/2%, then lost no more, indicating 

evaporation of all the free water but no loss of water of hydration. Specimens 

dried at 145° F and 170° F lost water rapidly for 1 to 2 days, then continued 

to lose water at slower rates, the specimens at lower temperatures losing water 

less rapidly. The rapid initial loss represents removal of the free, chemically 

unbound water, while the subsequent slower loss represents removal of the 

chemically bound water of hydration, slowly transforming the dihydrate into the 

hemihydrate. It will be noted that this loss occurs at temperatures well below 

that often given in texts as the temperatures at which the dihydrate is converted 
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into the hemihydrate and that, as would be expected, the rate of this loss 

increases with the temperature. 

The drying behavior of larger blocks is shown in Figure 14. As 

would be expected, the behavior of these larger blocks is the same as that of 

the smaller cylinders except a longer time is required to dry the larger volumes. 

A block 811 x 2411 x 2411 such as suggested for the model could not be expected to 

air dry more rapidly than the 511 long cylinders in molds with both ends open. 

Thus, a drying time of 1 1/2 to 2 months might be expected for the model blocks 

if they are air dried. All of the free water is removed from the oven dried 

block after 5 or 6 days in the oven, after which dehydration of the gypsum 

proceeds slowly. This suggests that the free water in an 811 x 2411 x 2411 block 

for the model could be removed in a maximum of 8 to 10 days after casting the 

blocks. The problem o-f poss-lbie water content va-ria1:ions a~r-OS~ the larger 

blocks was investigated by coring the blocks a number of times during drying 

and determining water contents of the cored samples. The water content profiles 

of the 7" x 1011 by 11 11 block while oven drying is shown in Figure 15. It is 

seen that water contents are remarkably uniform across the block, particularly 

when all the free water is removed after 5 or 6 days in the oven, at water 

contents of 8% or 9%. 

Data shown in Figure 16 for oven dried cylinders indicates that they 

absorb very little water from the atmosphere after being removed from the oven. 

Specimens dried to a water content of 0% increase in weight by a maximum of 1% 

to 1 1/2%, indicating only partial rehydration of the dissociated dihydrate, 

while specimens oven dried to a water content of 8% to 9% (the air dry equili

brium water content, no free water) showed no change when taken.from the oven. 
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In summary, it was found that the most stable condition for the 

water/plaster/kaolinite mixture of 2/1/2 is at a water content of around 8% 
..... 

to 9%, at which nearly all of the free water has been removed from the material. 

This condition may be achieved either by air drying or by oven drying at tern-

peratures of 115° For lower. Oven drying at higher temperatures result in some 

dissociation of the dihydrate unless the specimen is weighed frequently and 

removed from the oven when the weight ratio reaches 64%. At higher water 

contents or weight ratios the material loses water to the atmosphere readily 

and its properties change considerably within a few days time. Specimens of the 

plaster-kaolinite mixture can be extruded from their molds within 2 days after 

casting and oven dried within an additional 3 to 10 days, depending upon the 

size of the specimen. 

A study was also made of the cylinders cured by the different methods 

to observe the influence of both curing time and water content upon the strength 

and stress-strain characteristics of the plaster-kaolinite mixture. The speci-

mens were cast in 2 1/411 diameter by 611 long plastic cylinders which had one 

end plugged by a rubber stopper. After extrusion and drying the cylinders 

were cut to lengths of about 411 before testing. The curing time and weight 

ratios at which air dried cylinders were tested in unconfined compression are 

shown in Figure 12. The drying curves for different methods of oven drying 

specimens are shown in Figure 16. The variation of unconfined compression 

strength with curing time is shown in Figure 17. It can be seen that there is 

essentially no direct correlation and that at any particular time, specimens 

can exhibit a wide range of strengths depending upon their water content. 

Dashed lines in the figure roughly represent the variation of strength with 

. time if wate~content is held constant. These suggest a small increase of 

strength with time in the range of 8 to 24 days. 
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Figure 18 shows a well defined relationship between the unconfined 

compressive strength and water content, independent of curing time. From 
..-

these two figures (17 and 18) it can be seen that the critical factor influencing 

the strength of the plaster-kaolinite mixture is the water content of the sample, 

and that the behavior is nearly independent of the time required to reach that 

water content, over a range of curing times from 8 to 24 days. The influence 

of the water content may be due to 2 factors: 1) a mechanical effect in which 

the free pore water may develop significant positive pore pressures during shear, 

or 2) a chemical effect in which the excessive amount of free water may soften 

the inter-knitted network of gypsum crystals which gives the material its 

cohesive strength. 

The only apparent major influence of curing time for air dried speci-

-mens -seems to be-el ther -at -short times -and high water -CO!"!te!"!ts~ or at longer 

curing times over 30 days. Specimens B-lb and B-lf which were tested 7 days 

after molding at water contents around 30% had strengths significantly lower 

than the general trend. Specimens A-4a and A4c which were tested at air dry 

equilibrium water contents at 42 days were significantly stronger than the 

general trend. It is hypothesized that these variations may represent changes 

in the inter-knitted network of gypsum crystals which develops as the dihydrate 

crystalizes from solution. At short times and high water contents the network 

may not have had a chance to develop fully, while a very strong network may have 

developed in the specimens which were allowed to dry very slowly. (White, 1926, 

discusses some observations of changes in gypsum crystal structure for different 

dry i ng t i mes . ) 

It is seen in Figure 18 that if cylinders are dried so far that 

dissociation of the dihydrate begins, the strength falls off rapidly. This is 

assumed to reflect the destruction of the gypsum crystal network. 
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Figure 19 shows the relationship between failure strain and water 

content. The minimum failure strain of around 0.5% is reached when all of 

the free water is removed, corresponding to the development of the maximum 

strength. 

Typical unconfined compression stress-strain curves for typical 

specimens at various water contents are shown in Figure 20. It is seen that 

lowering the water content increases the specimen 1 s initial tangent modulus 

of elasticity and causes a more brittle behavior. Specimens air dried or oven 
" 

dried to remove all free water are the most satisfactory for modeling rock. 

They possess a relatively low compressive strength of 500 to 600 psi, fail at 

strains of about 0.5% to 0.6%, are linearly elastic up to about 50% of their 

ultimate strength after which they exhibit some non-linear deformation, and 

have a modu-!us-,ls-treRgth rat lo of 250- t0- 350-.-

The variations in the behavior of the water/plaster/kaolinite mixture 

of 2/1/2 in unconfined compression with changing water content and curing pro-

cedure agrees well with the behavior of plaster-sand mixtures as determined by 

Hobbs (1966) and of plaster-diatomaceous earth mixtures as determined by 

Raphael (1960). It appears then, that these variations are due entirely to the 

plaster-gypsum matrix material and are not significantly influenced by the type 

of inert filler material being used. Hence, in all subsequent work with plaster 

of Paris mixtures, the material has been oven dried at 110° F until all the free 

water is removed. This is done to develop the most satisfactory material 

behavior and also because if not fully dry, the physical properties will 

change considerably over a few days time due to water evaporation. 
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3. Triaxial Strength Properties of Various Plaster Mixtures 

Both triaxial and unconfined compression test specimens were cast 

extra long and cut to length on a 811 diameter rock saw running at 20,000 rpm. 

The test specimens were approximately 211 in diameter and 411 long. 

Unconfined compression tests were run in a small hydraulic loading 

frame in which axial load is measured by an electrical load cell. Axial 

deformation was determined by three mechanical dial gages 120° apart measuring 

the relative movement between the loading platens. 

Tensile strengths were determined by Reichmuth point load tension 

tests. 

Triaxial tests were run with conventional equipment. Test specimens 

were encased in membranes cut from a bicycle inner tube, and confining pressures 

we-re-crJYplre-d-by--hyd-raull-c oil. A-xial loads wer-e -app1i-ed -and reg1ste1e<I by a 

60,000 lb Reihle test machine. Axial strain of the cylinders was determined 

by a 0.0001'' mechanical dial gage measuring the relative movement between the 

triaxial cell base and the axial loading piston. 

The Reichmuth point load tension tests on the plaster-kaolinite 

material showed the tensile strength to be about 11% of the unconfined com

pression strength. A complete Mohr envelope determined by triaxial compression 

and point load tensile tests is shown in Figure 21. The plaster-kaolinite 

mixture has a quite low angle of internal friction, which is about 17° at normal 

stresses of 300 psi and around 5° at normal stresses of 900 psi. The material 

behaves very ductilely in triaxial compression, going to strains of 1%, 3%, 

and 10% at confining pressures of 125, 250, and 500 psi. It is seen, then, 

that the water/plaster/kaolinite mixture of 2/1/2 is quite satisfactory for 

modeling rock in uniaxial stress states, but has an angle of internal friction 
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lower than is acceptable for modeling rock behavior under triaxial stress 

conditions. 

Since diatomaceous earth-plaster of Paris mixtures are used so 

extensively in modeling work, a mixture of these materials was tried. The 

diatomaceous earth used was Hyflo Supercell, processed by Johns Manville Co. 

A water/plaster/diatomaceous earth mixture of 2/1/0.7 proved satisfactory 

in unconfined compression, but was very unsatisfactory In triaxial compression, 

showing a decrease in strength at confining pressures greater than ab~ut 1/2 

its unconfined strength due to a collapse of the structure of the material 

under the influence of the confining pressure alone (Fig. 22). This behavior 

is attributed to the very porous, low density structure of the material (unit 

weight= 44 pcf), which resulted from the low bulk density of the diatomaceous 

earth. 

Various sand mixtures were tried next. A mixture of water/plaster/ 

kaolinite/sand of 2/1.6/1/7 exhibited an acceptable behavior in unconfined com

pression but showed essentially a ~=O condition in triaxial compression (Fig. 

23). The Mohr-Coulomb envelope of the previously studied water/plaster/kaolinite 

mixture of 2/1/2 also appeared to be approaching a horizontal asymptote. This 

suggests a maximum shear stress, ~=O, failure criteria for the gypsum matrix 

and/or kaolinite. 

Recent studies (Polacek, 1967) on a pure plaster of Paris material 

substantiate the hypothesis of a ~=O behavior in the gypsum matrix. Cylinders 

of a water/plaster mixture of 1.2/1.0 were tested in unconfined and trlaxlal 

compression. The material exhibited significant bleeding and shrinkage during 

casting and curing, and had a density of 62 pcf. Water content determinations 

on this materia'i Indicated an average value of 18.8% for 5 cylinders, in good 
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agreement with the value of 18.6% predicted from the chemical equation (Eq. 15) 

for the plaster~ gypsum reaction. The Mohr-Coulomb envelope for these cylin

ders is shown in Fig. 24. The ~=O behavior is presumably due to intra-crystalline 

gliding in the gypsum, which is not surprising considering the behavior of other 

evaporite rocks such as rock salt and potash. 

Further testing was confined to plaster/sand mixtures. Using the 

fine Wabash sand, Fig. 25, a water/plaster/sand mixture of 1.85/1/8.15 exhibited 

an unconfined strength of 400 psi and an angle of internal friction of approxi

materly 22° at confining pressures up to 500 psi, but troubles were encountered 

in the crushing of cylinders under the confining pressures of 1000 psi alone, 

without any increased axial load, similar to the behavior of the plaster

diatomaceous earth mixture. Accompanying this crushing was a densification of 

the material, hence, a significantly higher strength was developed at a
3 

= 1000 

psi and the Mohr envelope for this material turned upward (Fig. 26). 

Increasing the unconfined compression strength to about 1000 psi by 

decreasing the water/plaster ratio to 1.0, and adding as much sand as possible 

while maintaining fluidity gave water/plaster/sand mixtures of '1;1;3,7, This 

material could take confining pressures of 1000 psi but,exhlbited nearly a 

~=O behavior, presumably due to plastic flow in the gypsum matrix. A sample 

taken from the triaxial cell after about 5% strain at a constant axial load 

showed no visible signs of failure, except for axial shortening and diametrical 

extension, and had a strength of about 220 psi when subsequently tested 

unconfined. 

It was decided that water/plaster/sand mixtures fluid enough to be 

poured into molds will not give satisfactory modeling materials. After such 

materials are cured and dried, the removal of mix water In excess of that 

required for chemical reaction with the plaster results in a very porous 
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structure. Porosities calculated for the various mixes tested range from 

30% to 35%. This porous structure, at unconfined compression strengths of 

400 psi, is not capable of supporting a hydrostatic loading of 1000 psi. This 

behavior is inacceptable since model loadings to 1000 psi would crush the 

whole model. However, if the material is strengthened by increasing the 

plaster content, so that a hydrostatic loading of 1000 psi can be supported, 

the internal friction drops, presumably due to plastic deformation in the gypsum 

matrix. Even at low stress levels the crushable materials with the higher sand 

contents do not exhibit a sufficiently high angle of internal friction for 

modeling rock, the highest achieved being 22° before crushing. The sand grains 

in these materials have been at void ratios of 0.76 to 0.88 (calculated 

including the volume of the gypsum matrix as part of the volume of voids), 

which is a 11 relati\le deos_i t'{11 of arnuncl zero_ for the_ sand._ Thus_ the_ low 

friction angles are not surprising. 

The results of these studies suggest that previous investigators 

(excluding from consideration the various model studies of creep behavior) 

using geomechanical models to study the behavior of underground openings 

have failed to adequately satisfy one of the most critical requirements of 

similitude. One of the most distinguishing characteristics of most geologic 

materials is their frictional strength. A failure to model this characteristic 

would make the results of any geomechanical model subject to serious question. 

The modeling laws derived from dimensional analysis, as discussed previously, 

require that the angle of internal friction of the modeling material be the 

same as that of the prototype material, I.e., in the range of 25° to 60°. Yet 

almost without exception previous investigators have failed to report the triaxlal 

compressive strength properties of their modeling materials. Moreover, the data 

reported herein on materials quite similar to those used by most of the previous. 
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investigators has shown these materials to be very unsatisfactory for modeling 

rock behavior in triaxial stress states such as exist around underground openings. 

The only experimental studies which have come to the attention of the authors in 

which the internal friction properties of model materials have been considered 

is the work of ISMES in Bergamo, Italy on geomechanical model using pumice stone 

mortars (Fumagal 1 i, 1959, 1960, and 1964). In general, their materials appear 

to have rather low angles of Internal friction ranging from 20° to 25°. 

Hence, significantly more study was required to develop acceptable 

modeling materials. Studies by Horn and Deere (1962) indicate that the friction 

angle between dry polished mineral surfaces is rather low, ranging from 14° to 

20° for layer-lattice minerals such as muscovite and biotite and 6° to 9° for 

space lattice minerals such as quartz, calcite, and microcline. Studies by 

Patton (1966) indicate that the friction angle along dry polished rock surfaces 

is also low, ranging mostly from 10° to 20° for carbonate rocks up to 22° to 24° 

for sandstone. These values from Patton (1966) are the initial friction angles 

which developed before the surfaces were gouged and roughened during shear. It 

is hypothesized, therefore, that any portion of the angle of internal friction of 

rock materials in excess of these values reported for polished mineral and 

rock surfaces must come from dilation of the rock material during shear. This 
I 

dilation during shearing deformation is pictured as being a "moving apart•• or 

loosening of the very dense packing of the mineral grains of which the rock is 

composed. 

It was hypothesized that the duplication of high angles of internal 

friction in a model material would similarly require the manufacture of a 

material with a very dense packing of mineral grains, such as sand grains. The 

material would require a weak cementing matrix to give a low cohesion and a low 
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unconfined compression strength. It was decided to use plaster of Paris as 

the matrix material because of its rapid curing properties, which were well 

known. 

4. Compaction of Plaster of Paris/Sand Mixtures 

Using the fine Wabash sand, a number of different techniques for 

producing dense sand/plaster mixtures were tried, including: 

l) dry plaster/sand mixtures vibrated into molds, then 

saturated, 

2) moist water/plaster/sand mixtures placed by 

. a) vibration under static load - applying an axial load to 

the material with a hand press while vibrating the mold 

with a concrete vibrator, 

b) static compaction - placing the material in the molds 

in 111 thick lifts, each lift being subjected to a static 

load of 500 psi, 

c) impact compaction - compacting in thin layers with a 

dropping weight. 

The highest densities were achieved by the impact compaction. 

Samples we·re compacted in 211 diameter x 411 long molds with a Vicksburg tamper, 

a 4 lb. weight dropping 12 inches. 

Dry mixtures of plaster of Paris and f lne Wabash sand at a ratio of 

1/8 were compacted first. As seen in Fig. 27, the maximum density was achieved 

by compacting in 1/211 layers at 25 blows per layer. Compaction in layers of 

less than 1/211 thickness was considered to be impractical. The average density 

of the material in the mold was increased by compacting an extra thickness of 

material in an extension above the top of the mold, then trimming off the upper 
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material (Fig. 28). The compaction procedure adopted for the 211 x 411 molds 

was to compact in 1/211 layers· at 25 blows per layer with the Vicksburg tamper, 

and to compact an extra inch of material in an extension of the mold, then 

trim off the excess length. This procedure gives a compaction energy of 

64 ft lbs/in3. 

Tests were run to determine the optimum water content for compaction 

of the plaster/sand mixtures. The moisture-density curves for the plaster of 

Paris/fine Wabash sand mixture of 1/8 are shown in Fig. 29. It is seen that for 

the compaction procedures and equipment used, the highest density of the cured 

material is achieved when a water/plaster/sand mixture of 0.9/1.0/8.0 is used. 

In order to retard the set of the plaster, an amount of Na 2 HP04 equal to 1% of 

the weight of plaster was used, giving a total mix of water/plaster of Paris/fine 

Wabash sand/Na2HPo 4 in the proportions 0.9/l.0/8.0/0.0l. This percentage of 

Na 2HP0 4 retarder was added to all subsequent compacted plaster/sand mixtures. 

Similar tests were run with the fine Sangamon sand (Fig. 25) at a 

plaster/sand ratio of 1/9. The results are shown in Fig. 30. It is seen that 

within the range of mix water contents considered, the density of the cured 

plaster/sand material increases continuously and does not reach a peak value at 

some intermediate mix water ratio. Above a mix water content of about 13% water 

flows from the material during the hammer impact. Because this results in sample 

inhomogeneity, a mix water content of 12% was chosen as optimum, giving a water/ 

plaster of Paris/fine Sangamon sand/Na 2HP04 mix in the proportions of 1.2/1.0/ 

9.0/0.01. This mixture and the one selected for the fine Wabash sand, above, is 

essentially a damp, bulking sand and has no fluidity. 

Unconfined and triaxial compression test specimens of t~e plaster of 

Paris and fine Wabash and fine Sangamon mixtures were compacted by the procedures 

and in the proportions described above. Larger volume specimens of the fine 
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Sangamon sand mixture were compacted to see if the same densities and material 

behavior could be produced as in the small cylinders. The 1.2/1.0/9.0/0.01 

mixture was compacted into a 311 x 411 x 811 mold with a 411 square foot on the 

Marshall hammer (a 10 lb. weight dropping 1811
) at 3 different compaction 

energies. The results, Fig. 31, show that for the same compaction energy, the 

same density can be achieved in the larger mold as in the small cylinders. 

Specimens of NX diameter cored from these blocks showed essentially the same 

strength and deformation properties as specimens of comparable density compacted 

' in the 211 diameter cylinders. 

It was estimated that a minimum of 10 to 12 hours would be required to 

compact a 2411 x 24 11 x 811 model block by hand with the Marshall hammer, hence, a 

more rapid compaction method was needed. A pneumatic chipping hammer equipped 

with a 411 square tamping foot produced the same densities in the 3" x 411 x 811 

mold as were achieved by hand compaction with the Marshall hammer. It is not 

easy to vary at wi 11 the density of blocks compacted in this manner, however, 

because of the difficulty of controlling the compaction energy. 

With an 811 square foot on the pneumatic hammer, operating at an air 

pressure of 100 psi, an average density of 1 .82 gm/cc has been achieved in a 

block 2411 x 2411 x 311
• The density of seventeen cylinders of NX diameter and 

411 length cored from the block had a coefficient of variation of 1.2%, indicating 

that this procedure can yield a block of a relatively uniform density. It is 

planned that this method will be used to prepare the models blocks 2411 x 24 11 x 811
• 

5, Triaxial Strength Properties of Compacted Plaster/Sand Mixture 

A summary of strengths exhibited by compacted plaster/fine Wabash 

sand mixtures of 1/8 is shown in Figs. 32 through 37. It is seen in Fig. 32 

that the angle of internal friction is linearly related to the void ratio of 
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the sand (computed considering the gypsum matrix as a part of the void volume). 

The sand used is essentially a fine grained fraction of the Wabash Sand used by 

Hendron (1963). The points in Fig. 33 show that the relationship between ~ 

and e determined for the fine Wabash sand In sand/plaster mixtures is a direct s 

extrapolation of the relationship determined by Hendron for the coarser, more 

well-graded sand which he used. The data seem to substantiate the hypothesis 

that the internal friction of such materials is entirely determined by the sand 

grain structure, and that the gypsum plaster matrix exhibits plastic yield at low 

shear stress levels and does not contribute significantly to the internal friction 

of the material. The Mohr envelopes determined for these plaster of Paris/fine 

Wabash sand materials up to confining pressures of 1000 psi actually generally 

exhibit a slight curvature, but for simplicity the inclination of the average 

straLght line has been given here as the angle of internal friction of the 

material. 

It was found that as the compacted density of the 1/8 mixture of 

plaster/sand increased, the unconfined compression strength increased markedly 

(Fig. 34). The unconfined compression strength, qu' of a ma~erial whose strength 

is determined by the Coulomb-Navier failure criterion is a function of both the 

angle of internal friction ~' and the cohesion intercept c, of the Mohr diagram. 

The previous discussion of internal friction showed that part of the increase of 

q is due to the increase of~ with density (lower e ). It was also found that u s 

the cohesion intercept of the material increased as the density increased, as 

shown in Fig. 35. It is hypothesized that the cohesion intercept is determined 

by the gypsum matrix, and that an increase in the matrix density produces a 

higher cohesion. This relationship is shown in Fig. 36. The one deviation from 

these generalizations concerning q and c is batch Sl8 which was vibrated into u 
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the mold dry, then saturated. The deviation may be related to the poor control 

of the material resulting from this method of preparation. 

Previous investigators using gypsum Plaster for modeling materials 

have generally stated or suggested that the unconfined compression strength of 

the plaster materials could be controlled at will by varying the water/plaster 

ratio of the mix. It is generally stated that increasing the water/plaster ratio 

decreases the strength. The data In Fig. 37 shows that this is not a complete 

valid generalization. In fact, although batah 522 had a slightly higher mix 

water content than batches 519 to 521, its unconfined strength was higher rather 

than lower. Batch 54 had twice as much mix water as 519, but nearly the same 

unconfined strength. A similar relationship exists for the cohesion intercept 

of the material. In keeping with the previous discussion, it is hypothesized 

that the significant variable influencing_ the cohesion is the density of the_ 

gypsum matrix, and that it Is Independent of the mix water used. The mix water 

in excess of the amount required for chemical combination with the plaster simply 

occupies volume during the initial setting and hardening, serving as a medium 

for the plaster solution and gypsum crystallization, then evaporates when the 

specimen is dried. This produces a porous structure and a low bulk matrix 

density, resulting in a low cohesion. Batch 54 is an example of such a situation. 

The same strength and the same bulk matrix density were produced in batch 519 at 

a lower mix water content because the mix of Sl9 was a bulking material cast with 

a significant volume of minute air voids. On the other hand, batch S22, with a 

slightly higher mix water content than 519, was compacted to a greater density with 

less air voids. This gave a greater bulk matrix density and a higher strength, 

in spite of the higher mix water content. 
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Additional testing was conducted on a somewhat more angular sand, 

the subangular fine Sangamon sand whose gradation is essentially identical to 

that of the fine Wabash sand. A summary of strength data obtained to date for 

the two different sands is shown in Figs. 38 and 39. Fig. 38 suggests that 

the internal friction is primarily determined by the relative density of the 

sand grains and is not increased by the slightly Increased angularity of the 

fine Sangamon sand. Fig. 39 indicates the cohesion intercept is determined by 

the matrix density alone, and, over the range of variables studied, is Independent 

of internal friction, mix water content, and the angularity of the sand. All 

data obtained so far with these material has indicated that the two strength 

parameters, cohesion and internal friction, can be controlled independently by 

independently varying the gypsum matrix density and the density of the sand 

-gram-structure. Thl-s control -woul-c! -be r_estricted by the practical problems 

associated with compacting and molding different mixtures of water, plaster, 

and sand. For example, it might be possible to hold~ constant by producing a 

material with a given sand void ratio, and vary c by varying the sand/plaster 

ratio, hence the gypsum matrix density. The range of c which might be achieved 

would be restricted, however, by the relative volumes of the two mix components, 

the compaction characteristics of the different mixtures, and the resulting 

capability of compacting the sand to the same void ratio for the different 

mixtures. 

The material which has been tentatively selected for construction of 

the models is a water/plaster/sand mixture of 1.2/1/9, using the fine Sa~amon 

sand. Fig. 40 shows the Mohr envelope and Fig; 41 shows the stress-st,ain 

curves for cylinders of this mix tested at 6 different confining pressures. 

The cylinders tested were from two separate batches of 5 cylinders each, molded 

several days apart and cured independently. The average densities for the 



two batches were 1.875 gm/cc and 1.870 gm/cc. The average of the 10 cylinders 

was 1.873 gm/cc, the range was 1.860 to 1.888, and the coefficient of variation 

was 0.4%. Thus, the material is reproducible. The Mohr envelope and the 

stress-strain curves also indicate a reproducible material with the exception 

of an apparently stronger cylinder tested at cr
3 

= 500 psi. This cylinder was 

the densest, at 1.888 gm/cc, of those tested. 

The suitability of this material for modeling rock in triaxial stress 

states is shown by Figs. 42 and 43. Fig. 42 is a dimensionless plot comparing 
~ 

the triaxial compression strength of the selected model material and a number 

of different rocks. Fig. 43 is a simllar dimensionless plot comparing failure 

strains for the different materials. The data for the different rocks were 

obtained from the published reports indicated. The data from Handin and Hager 

(1947) were selected as illustrating typical average behavior for the 23 sedi-

mentary rocks which they studied. The data shown include sandstones, shales, 

limestone, dolomite, and anhydrite. Other data in Figs. 42 and 43 are for a 

granite, a quartz monzonite, and a schistose gneiss in the igneous and meta-

morphic rocks. The shape of the stress-strain curves in Fig. 41 is quite 

similar to many rocks, as substantiated in the references cited. 

In summary, it is seen that modeling materials with strength and 

deformation characteristics satisfactory for modeling the behat.tior of rock 

materials can be produced from compacted moist mixtures of plaster of Paris 

and sand. More detailed stress-strain data as measured by electrical resis-

tance gages will be given in the section on instrumentation. 
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B. Model Loading Apparatus 

1. Estimated Model Behavior 

a. Required Loading Capability. In order to design a loading 

apparatus and later the instrumentation system, it is necessary to have some 

estimate of the model behavior. First consider a model of a tunnel in an intact 

rock mass. Failure may be expected to be initiated when the tangential stress 

at the edge of the opening equals q , the unconfined compression strength of the 
u 

rock. The extreme values of stress concentration factors about an opening, for 

the elastic solution of a plane strain or plane stress condition about a circular 

opening, occur at the crown and invert and at the spring line of the opening, 

assuming that av and oh are the major and minor principal stresses. The magni

tude of the stress concentration factor, SCF = 0 8/crv' where 0 8 is the tangential 

stress at the ecige -of -the -openi-ng, at both the -s;>r i ng l i ne ~n<l the crown and 

invert is given in Fig. 44 for an elastic material for different values of 

oh/av. Consideration of this figure indicates that a minimum stress concentra

tion factor of 2.0 in compression is available for initiating failure around 

the opening. This means that for all possible loadings a minimum "free field 

stress" of 300 psi would be required to initiate compression failure in the 

model material with q = 600 psi. 
u 

Since the initiation of compression failure at the wall of the opening 

will not necessarily mean failure of the whole mass, but merely a yielding of 

the material adjacent to the wall and a redistribution of load back away from the 

opening, the loading apparatus should probably have a loading capacity of perhaps 

three times the magnitude required to initiate failure. As an estimate, then, the 

loading required might be a 1000 psi capability for oh and a • 
v 

Since this acts 

over a 2411 x 811 face, a total reaction capability of about 192,000 lbs is 

desirable for the lateral reactions. 
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For a plane strain condition, the maximum capability for the 

longitudinal stress a1. in the elastic case is the requirement that 

a1 = v(av + ah). A value of a1 = 0.25 (1000 + 1000) = 500 psi is the maximum 

that should be required, assuming that v of the model material would not exceed 

0.25. This requires a reaction capability of 288,000 lbs on the longitudinal 

2411 x 2411 faces. 

b. Blocks Without Tunnels. Consider a solid, elastic block 

loaded polyaxially in plane strain with the 3 principle stresses a , a =Na, v h v 
' and a1 = v (av+ ah) = vav (I+ N) on the faces. Assuming 0 < N < I, the major 

principal stress,a 1, will be av' but the minor principal stress a
3 

may be 

either ah or a1 depending upon the magnitudes of N and v. The longitudinal 

stress a1 will be the minor principal stress, a1 <ah' i.e. vav (I+ N) <Nov, 

when v < N/(J + N). The range of values of N and v for whicll oh =-o
3 

ood for

which a1 = a
3 

are shown in Fig. 45. 

If a solid model block is loaded at N values of 1/3, 2/3, and I; 

if the relationship shown in Fig. 45 is valid; if the strength of the model 

material can be approximated by the relationship in Fig. 40; and if the material 

has a Poisson's ratio of 0.25; then the relationship of the stress paths during 

loading to the failure envelope is as shown in Fig. 46. It is seen that for 

plane strain loading there is no chance for a failure of the solid block. 

If the model block is jointed, there is a possibility for a failure 

of the whole mass. Fig. 47 shows this, assuming a friction angle as low as 20° 

along the joint planes. If a joint were critically oriented with respect to 

the applied stresses, failure could occur for loadings of N = 1/3 or 2/3, but 

not for N = l unless a tunnel were present to initiate failure. The critical 

orientation o~. the joints which are the potential failure surfaces is at an 

angle of (45° + ~./2) to the tunnel axis. As discussed previously, only joints 
J 
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either parallel or perpendicular to the tunnel axis will be considered for the 

initial model tests, hence,~ this failure mode is of no practical significance. 

Another failure mode which should be considered is movement along 

joints parallel to the tunnel axis, at an angle of 45° + ~./2 to the direction 
J 

of ah. In this case, the significant stresses are those in a plane perpendicular 

to the tunnel axis, av and ah' which are the major and intermediate principal 

stresses, a 1 and a2 • The relationship between the failure envelopes and the 

loading curves for these stresses is shown in Fig. 48. It is seen that failure 

can occur for critically oriented joints at a lateral stress ratio of N = 1/3, 

but not for N > 1/2 regardless of the joint orientation. 

A consideration of Figs. 46, 47 and 48 shows that the initiation of 

failure would coincide with the first application of load since the stress 

loading paths are always above the failure envelopes for the critically oriented 

surfaces. The assumption of a Poisson's ratio of 0.25 has been made for these 

calculations. As can be seen in Fig. 45, lower values of Poisson's ratio simply 

mean that a3 will be a! for all loadings (except for very small N); and because 

v is smaller, a3 =a! will be smaller. The conclusions drawn from Fig. 48 

would not be influenced because ah and av are not influenced by v, The possi

bility of failure along joint surfaces inclined at an acute angle to the tunnel 

axis (Fig. 47) would be increased, but this is of no significance because these 

joints are not being modeled. The loading curves of Fig. 46 would be steeper 

if v < 0.25, hence failure of an intact model could occur if it is loaded to 

very high stress levels where the steep loading curves might intersect the 

flatter failure envelope of the intact material. This would not occur for the 

planned stress levels (up to a = 1000 psi), though, except for extreme values 
v 

of N and v, 
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In summary, it is seen that for the material properties and loadings 

being considered, a general failure of the model block could occur only if a 

joint set parallel to the tunnel axis were inclined at angles of 45° + ~./2 or 
J 

more to the direction of crh' Hence, the loading apparatus will not have to be 

designed to accommodate large, irregular deformations which might be associated 

with a general failure of the model block, but rather, only movements of the 

same order of magnitude as the elastic deformations which can be expected. 

A study of Fig. 41 shows that the elastic modulus of the model mate-

' rial can range between 100,000 and 200,000 psi. Using a value of 200,000 psi 

and an assumed Poisson's ratio of 0.25, the elastic deformation of a 2411 x 2411 

x 811 block predicted by elastic equations of the form 

€ v 

cr v v 
= 'E - E 

OH v 
= r - f 

v 
f 

(Eq. 15) 

are as given in Table 4 for both plane strain and plane stress conditions at 

the maximum anticipated loading. These values show that a maximum movement of 

the lateral faces of 0.0511 for a modulus of 200,000 psi and an upper limit of 

0.1 11 for a lower modulus can be expected in plane strain conditions. The loading 

apparatus, then, should be designed to accommodate perhaps 0.511 of movement of 

each lateral face. The figures for plane stress deformations indicate a maximum 

longitudinal movement of each 2411 x 2411 face up to 0.01 11 could be expected, for 

a total thickness increase of 0.0211 for the model block. If a plane strain 

condition is to be approximated in the model the total longitudinal expansion 

of the model must be restricted to the order of 0.0001 11 to 0,0005". 
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Estimated elastic deformations of each face of model 

block, assuming E = 200,000 psi, v = 0.25, a = 1000 psi v 
(-) indicate extension 

Plane Strain /::,. 
v 

/::,. 
h 

N = 0.037511 0.0375 0 

N = 1/4 0.051611 -0.0047" 0 

Plane Stress 

N = 0.045011 0.045011 -0.010011 

N = 1/4 0 -0.006211 

c. Tunnel Behavior. Calculations have been made for elastic 

deformations and for both elastic and plastic stress distributions using material 

properties of E = 100,000 psi, v = 0.25, ~ = 35°, and qu = 400 psi; at applied 

free-field stresses of up to 1000 psi under N = 1, plane strain conditions; for 

a 411 diameter tunnel. Elastic deformations were calculated from Lame's thick 

walled cylinder equations (Seely and Smith, 1952; Obert and Duval, 1967). The 

deformations which would result are shown in Figures 49 and 50. Stress-

distributions around the tunnel for both the elastic case and for an elastic-

perfectly plastic Coulomb-Navier material have been calculated following assump-

tions such as given by Jeager (1962, pp. 186-192). The results are shown in 

Figs. 51 through 54. Fig. 51 shows the development of the plastic zone at the 

applied free field stress of 1000 psi, and how it differs from the elastic stress 

distribution. Fig. 52 shows how the plastic zone develops for increasing values 
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of applied free field stress. Figs. 53 and 54 show how the depth of the plastic 

zone varies with the strength of the material. The significance of these 

figures will be discussed later. 

2. Lateral Loading Elements 

The requirements of the lateral loading apparatus, as developed 

previously, are that it be able to apply a uniform pressure up to 1000 psi on 

the 2411 x 811 faces of the mode 1 for a to ta I reaction of 192 ,000 lbs, and that 

it be able to deform up to 0.5 11 as the model is loaded. Although large, 

irregular deformations of the faces are not anticipated, a nonuniform deformation 

must be expected for two reasons: (I) the presence of the tunnel and (2) re

straining friction along the loading faces. Hence, the lateral loads must be 

applied by a flexible loading system which can adjust to the irregular model 

deformations, rather than by a rigid loading head. 

For the methods considered for applying the lateral loads it was 

decided that the load should be actively applied to all four lateral sides, rather 

than actively loading the model on 2 adjacent sides and pushing it against a passive 

reaction on the opposing sides. Although this Increased the complexity of the 

loading system, it was done to maintain loading symmetry in the model for two 

basic reasons: (1) so that the tunnel axis would remain stationary with respect 

to the loading frame, which could serve as a reference frame for measuring move

ment of the tunnel walls, and (2) so friction between the model and the longi

tudinal and lateral loading heads would be symmetrical about the tunnel. 

a. Loading Methods Considered. Several methods for applying 

the lateral pressures were considered. The first was some sort of hydraulic 

"flat jack," s~ch as those used in in-situ stress measurements in tunnel walls 

or similar to the Fressinet jacks used in plate jacking tests of rock 
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deformability. This system was rejected in anticipation of the problems associ

ated with constructing such a jack which is rectangular in shape, operates to 

1000 psi internal pressure, and will expand up to 0.511
• 

The second system considered is sketched in Fig. 55. It consists of an 

oil fi lied hydraulic cushion against the model, backed by channel iron stiffeners, 

and pushed against the model by hydraulic jacks. The hydraulic cushion would 

consist of a channel iron with a thin metal membrane between the flanges, the 

ends covered with steel plates, and filled with oil. An alternative to the thin 

membrane would be an oil filled rubber bag placed inside the open-faced rectangu

lar box formed by the channel iron and its end plates. The hydraulic cushion 

serves only as a means of applying a uniform pressure to the model. The 

required 0.5 11 of movement would be supplied by hydraulic jacks pushing the 

loading head forward. As the hydraulic cushion is forced against the model 

the flexible metal membrane or rubber bag would transmit to the model the 

uniform pressure which exists in the oil within the cushion. By monitoring 

this pressure the load on the model would be known. A problem which is antici

pated with a system of this sort would be the tendency for the membrane to 

develop a concave surface as the oil is compressed. This would cause the 

flanges of the channel iron to pick up load and produce a concentration of 

stress at the edges of the specimen. To offset this effect it would be 

necessary to pump oil into the cushion during the model loading. 

Calculations of the stresses in the membrane indicate that a steel 

membrane capable of supporting the internal pressure of 1000 psi would have to 

be l/811 thick or more for the system shown In Fig. 55, i.e. it would not have 

the required flexibility. The same problem would probably be encountered in 

the manufacture of a rubber bag for the hydraulic cushion. This requirement 

that the membrane or rubber bag be capable of supporting an internal pressure 
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of 1000 psi by itself is unrealistically severe, however, since the membrane 

or bag would be completely contained and supported by the model and the channel 

iron of the hydraulic cushion. Because of the problems anticipated in the 

development of a dependable, rectangular shaped hydraulic cushion which is 

sufficiently flexible and capable of going to pressures of 1000 psi, this 

system was rejected. It is believed however, that a loading system of this 

nature is promising, particularly at lower pressure levels, and would merit 

consideration in future studies. 
4 

The system which was finally chosen is a completely mechanical one 

whose basic operation is quite similar to a system used by Hoek (1965) on small 

models 611 x 611 x 111
• It consists of a pyramid of increasingly larger triangular 

elements produced by welding angle irons and flat plates together, as shown in 

Fig. 56, Two such sets of elements are used to apply the load to each lateral 

face of the model, as shown in Fig. 57. The load is applied by a hydraulic 

jack against the transition head element and distributed down through the pyramid 

to the model, which is in contact with the smallest triangular elements, Element 

No. 3, At the contact between the elements, grooves 1/1611 deep with a 111 

radius are cut into the plates and the angle corners are rounded on a 1/2'' 

radius. The purpose of the grooves and rounded corners is threefold: (1) to allow 

the elements to rotate with respect to each other and to adjust to any irregular 

deformations of the model while carrying equal loads, (2) to aid in aligning the 

elements, and (3) to provide a large enough bearing area at the contacts to 

prevent local yielding of the steel and flattening of the contacts. Even so, 

high contact stresses exist and a high yield steel (T-1 steel) was used for the 

transition heads and the angles of Element No. 1. This system of applying the 

lateral loads ~as chosen for two reasons: (1) the successful operation of the 
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similar loading system used by Hoek (1965) 1 and (2) the simple, completely 

mechanical nature of the system, which suggests that it would be very dependable 

and rugged. 

b. Load Distribution Characteristics of the Triangular Element 

Lateral Loading System. The load distribution characteristics of the triangular 

loading element assembly were studied in some detail to determine how well they 

satisfy the lateral boundary condition; that of a uniform lateral stress distri

bution some distance from the tunnel. It is recognized that the stress distri

bution on the face of the model will be quite irregular due to the finite width 

and the finite stiffness of the loading elements. The philosophy guiding the 

design of the elements was that they should be relatively narrow, stiff, and 

closely spaced, and that each should apply the same total force to the model 

-even if it deforms une-ven1-Y-· Then_, within a short depth into the model, 

approximately equal to the width of the elements, the actual stress distribution 

would deviate only slightly from the average stress applied to the boundary. To 

check the behavior of the loading apparatus, two things were done. First, one 

set of loading elements was instrumented to determine the loads. being carried by 

the smallest triangles, under uneven deformations of the assembly. Secondly, 

concrete blocks the size of the actual model blocks, 2411 x 2411 x 811
, both with 

and without tunnels, were tested on biaxial compression. These were sprayed with 

a brittle lacquer coating on an unloaded 2411 x 24 11 face to study the strain dis

tribution in the block. These studies, discussed in some detail below, led to 

the conclusion that the lateral loading system was performing satisfactorily and 

fulfilling the design requirements and boundary condition. 

i. Load distribution as measured by the instrumented elements. 

One set of triangular elements as shown in Fig. 56 was used for this study. An 

electrical resistance strain gage (SR4 gage, type A-7) was placed on the center 
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of each leg of each of the 4 small triangular elements (Elements No. 3} as 

shown in Fig. 58. The two gages from each element were wired into opposite 

arms of a 4-arm Wheatstone bridge and monitored by a strain indicator. Each 

of the small triangular elements was then loaded invididually with the transition 

head to obtain a calibration curve showing SR4 gage reading vs. total load 

carried by the individual element. The entire pyramid of triangular loading 

elements and transition head was then loaded and at successive stages of loading 

the strain indicated by the SR4 gages on each of the small elements (No. 3) was 

recorded and compared with the calibration curves to determine how mtlch of the 

total applied load was being carried by each individual element. 

This method of monitoring the loads carried by individual elements 

is not satisfactory for general usage, although it was sufficient for the pur

pose of the immediate investigation. The problem with this method is that it is 

very sensitive to bending moments in the triangle legs, which are in turn 

caused by bending of the bottom flat plate of the element at the contact with 

the model. This system of instrumentation is thus quite sensitive to pressure 

distribution on the base of the elements. Ideally, the instrumentation would be 

sensitive only to the average compression strain in the legs of the angles. 

This might be achieved, for example, by placing another A-7 gage on the inside of 

each angle leg, opposite each existing gage and either wiring it in series with 

the opposing existing gage, or into an adjacent arm of the Wheatstone bridge. 

The inside of the angle legs is inaccessible, however, so this could not be done. 

The result of this sensitivity to pressure distribution is that the 

calibration curves are quite sensitive to the nature of the surface against which 

the element is placed. This is illustrated by calibration curves for element 

No. 3-1, shown in Fig. 60. Curve A of Fig. 60 shows the calibration for element 
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No. 3-1 placed against the surface of a concrete block used in the brittle 

coating studies. The negative reading at low loads means the SR4 gages are 

in tension, although an over-all compressive strain must exist in the legs of 

the triangle. This would mean high bending moments in the legs, which might be 

caused by a high spot on the concrete block under the center of the element's 

flat base plate. If a 1/811 thick rubber pad is placed between the element and 

the concrete, the calibration of curve B (Fig. 60) is obtained. If the element 

is loaded in a Reihle test machine with two rubber pads 1/811 thick between the 

base of the element and the loading machine head, curve C (Fig. 60) is obtained. 

This sensitivity to base conditions means that each element must be calibrated 

in exactly the position in which it is to be used, and recalibrated every time 

it is moved to a new position or whenever the character of the base changes. 

For the immediate investigation, this difficulty was solved in the manner shown 

in Fig. 59, A steel bar 1/211 wide x 1/811 thick was placed under each edge of 

each element and these in turn were placed upon a 1/811 thick strip of rubber. 

Rubber strips of different stiffness were used to induce differential movement 

of the elements during loading. The use of narrow strips under the edges of the 

elements elminiated the problem of pressure distribution across the base. In 

addition the elements were placed upon a 1211 x 811 x 1 1/211 steel plate which could 

be moved freely so that the individual elements could be centered in the test 

machine for calibration, and then the whole assembly could be centered for loading. 

In this way the whole loading assembly could be tested with the small elements 

in exactly the same position and with exactly the same base conditions with which 

they were calibrated. Using this technique, the calibration of each element 

becane fairly constant, as shown by curve D in Fig. 60. 
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The results of the tests on the whole assembly are shown in Fig. 61. 

The maximum variation between elements is approximately!. 2.3% of the total 

assembly load and was generally around+ 1%. The variation between the load 

carried by each element is almost equal to the variation in the calibration of 

the individual elements (as shown in Fig. 60, curve D, for example), so that 

within the accuracy of this method of measurement, the elements are carrying 

equal loads. This was measured during tests in which the movement of the whole 

assembly and the relative movements of individual elements was of the same order 

of magnitude as is expected in the models, as shown in Fig. 61. 4 

The assembly was subjected to a more rigorous test by loading it with 

wide strips of 3/811 soft pine under each element. The results are shown in 

Figs. 62 and 63. The differences between individual element loads shown in 

Fig. 63 is within the uncertainty of the calibration of each element due to the 

pressure distribution across the base of the elements. Element No. 3-2 indicated 

no increased load after about 1/5 of the total load was applied because the wood 

strip under its base was relatively narrow, concentrating load near the center 

of the base and producing high bending stresses in the legs. 

In summary, this study shows that this lateral loading assembly can 

accommodate substantial differential movements of its base while distributing 

the total load equally across the base. 

ii. Brittle coating studies. While the tests outlined above 

show that the pyramid of triangular loading elements is capable of rotating and 

distributing the load uniformly to the elements in contact with the model, they 

do not indicate how well the entire lateral loading apparatus is able to fulfill 

its design function, that of producing a uniform free field stress distribution 

in the model, To study this, concrete blocks the size of the model were loaded 
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under plane stress conditions in biaxial compression by the lateral loading 

assembly at stresses of a = 1000 psi and N values of 1/3 and 1. Brittle v 

coatings on an unloaded 24 11 x 24 11 longitudinal face were used to study the 

strain distribution in the block. The brittle coating is a specially prepared 

lacquer which cracks at a low tensile strain (on the order of 800 micro inches 

per inch for the test conditions), the cracks being perpendicular to the di rec-

tion of maximum tensile strain. When an object coated with the lacquer is 

strained enough to devel~p cracks in the lacquer coating it is possible to 

determine the orientation of the strain field by studying the crack pattern in 

the lacquer. Under carefully controlled conditions it is also possible to 

determine the magnitude of the maximum tensile strain if one knows the strain 

at which the lacquer cracks. For the present study, however, only a knowledge 

of the strain direction was desired. 

Two concrete blocks 24 11 x 24 11 x 811 were cast from a cement:sand:gravel 

mixture of 1:2:3 to which enough water was added to give a 311 to 411 slump. One 

of the blocks was cast with a 4 1/411 diameter "model tunnel" in the center of 

the 2411 x 24 11 sides. One 24 11 x 2411 face of each block was prepared for the 

brittle lacquer by rubbing it smooth with emery cloth wrapped around a hand-

held wooden block and then spray painting it with a white flat base enamel. 

The brittle coating used was Stresscoat lacquer, manufactured by Magnaflux 

Corporation. The lacquer was sprayed on the prepared surface to obtain a 

thin, even coating and then allowed to dry for 24 hours. Because the lacquer 

cracks in tension and the concrete model is loaded in compression, the crack 

pattern is developed when the model expands upon release of the load. The 

concrete model was loaded slowly in small increments over a period of about 

30 minutes, then the load was held constant for about 5 hours. This was done to 
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allow creep to relax the compressive stresses in the lacquer. The load on 

the model was then dropped to zero in a few seconds and as the model expanded, 

tensile strains were developed in the brittle lacquer coating. Because the 

stress level to which the model was loaded is low compared to the strength and 

modulus of concrete, the strains developed (on the order of 300 micro inches 

per inch) were not enough to crack the lacquer and it was necessary to chill 

the lacquer with a short blast from a co2 fire extinguisher. This commonly 

used technique, known as sensitizing, superimposes a uniform, temperature-induced 

strain upon the existing load-induced strain field and results in strains large 

enough to crack the lacquer, with the cracks developing perpendicular to the 

direction of the maximum tensile strain of the load-induced strain field. 

Because the cracks are very small and closely spaced, a black wax pencil was 

used to outline the crack pattern for photographic purposes. It was not possible 

to show all the cracks in this manner, but only to sketch the general pattern 

of cracking. 

A total of 4 tests were run, using 2 values of N for each of the 2 

concrete blocks. The first test was conducted on the solid block at N = 1. 

Lacquers of three different sensitivities, Stresscoat 60, Stresscoat 90, and a 

mixture of the two, were used in different quadrants of the block, and the coat

ings were sprayed to different thicknesses. The resulting cr~k pattern is 

shown in Fig. 64. It was found that the crack development was essentially inde

pendent of the lacquer sensitivity, but was quite strongly influenced by the 

thickness of the coating. The crack pattern developed very poorly in quadrant 1, 

on the upper left, where the coating was the thinnest, and was much clearer and 

more intense in the other quadrants, where the lacquer was thicker. Chips of the 

coating from the quadrants where the cracks were well developed were about 0.01 11 
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thick as measured by a micrometer, and were of a deep lemon color. Based upon 

the results of this test, it was decided that Stresscoat 60 would be used and 

an attempt would be made to obtain a coating thickness of 0.01 11 by spraying 

the lacquer until the coating was a deep lemon color. 

Several significant features can be observed in the crack pattern 

shown in Fig. 64. The most prominent feature of the pattern is the strong 

lineation of cracks on the right and left edges, parallel to the edges, with 

less development along the top edge and almost none along the bottom. A 

pattern of randomly oriented cracks was present over the rest of the block 

(with the exception of quadrant 1). On the right and left edges the strong 

lineation extends for about 511 into the model. Because the block was loaded 

at N = 1, the strains ideally would be equal in all directions and the random 

_crack pattern which developed in the center should have been present over the 

whole face. The strong 1 ineation around the edges is attributed to the influ

ence of friction along the loading faces, which disrupted the ideal stress and 

strain distribution. The more pronounced pattern on the right and left sides 

is attributed to the fact that during each increment in load, the increase 

was first applied to the right and left sides, and then to the top and bottom. 

It is assumed that the Increase in friction along the right and left sides due 

to the increased normal force prevented the subsequently increased normal force 

on the top and bottom from producing an equal strain in that direction. Hence, 

throughout the loading the strain at the edges was unequal in the two directions. 

It is seen, then, that the 11edge effects 11 extend for about 511 into 

the model from each side, leaving a central are_a about 1411 square in which a 

uniform strain field exists. This is considered to be too small. In an 

attempt to increase the size of the uniform strain area in subsequent tests, 
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a 1/811 thick rubber pad was placed between the loading elements and the model 

block. It was believed that the shearing deformations in the rubber pad would 

allow the model to move relative to the loading elements unhindered by friction 

along the faces. 

Another significant feature seen in Fig. 64 is the arcuate pattern 

immediately adjacent to the edges, showing the influence of the individual 

loading elements. It can be seen that this influence extends to a maximum depth 

of 1 1/2 to 2 inches. 

• The next test was run on the solid block at N = 1/3. The resultant 

crack pattern is shown in Fig. 65. Some difficulty was experienced with the 

spray nozzle when applying the lacquer, resulting in a less uniform coating on 

the right half of the block, as evidenced by the less uniform intensity on that 

half. The dominant cracks developed perpendicular to the 1000 psi stress 

direction, as would be expected. A very uniform crack orientation parallel 

to the right and left sides exists over the whole block except in the upper 

right hand quadrant, where the cracks on the right half of the quadrant seem 

to trend into the upper corner, indicating a distortion of the strain field. 

It is not known whether this resulted because of an improper alignment of the 

loading elements or a low force in the hydraulic jack in that corner. In 

any case it is rather localized and not considered serious. The en-echelon 

pattern observed in a number of places is attributed to the influence of 

aggregate particles in the concrete. The conclusion drawn from this test is 

that with the 1/811 thick rubber pad between the concrete and the loading 

elements, a sufficiently uniform strain field is produced in the model. 

The crack pattern from the next test, on the block containing the 

tunnel at N = 1,., is shown in Fig. 66. As would be expected, a random crack 
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pattern is developed everywhere except immediately adjacent to the tunnel. 

Because of the circumferential compressive stress concentration around the 

tunnel during loading, a circumferential tensile strain developed in the lacquer 

during unloading, giving the radial crack pattern. The pattern appears to be 

symmetrical, indicating a uniform stress field around the tunnel. The only 

apparent significant deviation from a uniform strain field in the block is 

immediately adjacent to the edges where there seems to be a preferential 

development of cracks perpendicular to the edges. This phenomena extends to 

a depth of perhaps 1 1/211 and is attributed to the influence of the loading 

elements and the rubber pad. 

The fourth test, with N = 1/3 on the block containing the tunnel, 

was not entirely satisfactory and is not shown. A good crack pattern did not 

develop because -the lacquer coating was made too thin due to a shortage of 

lacquer. This test did not show anything different from the first 3 tests. 

In summary, it is seen that with a friction reducing pad between 

the model and the loading elements, the edge effects extend only 1 1/211 into 

the model, giving a uniform strain distribution over a central area 21 11 square. 

This extends to a depth of 4 tunnel radii behind the tunnel wall and is con

sidered to be quite satisfactory. The results of these brittle coating tests 

and the previously described tests with the instrumented loading elements 

indicate that the system chosen for applying the lateral loads will satis

factorily satisfy the lateral boundary conditions of the model. 

3, Longitudinal Restraint and Reaction Frame 

The method of applying the longitudinal restraint and the method of 

supplying the lateral jacking reactions are intimately related and must be con

sidered together. As discussed previously, a condition of plane strain should 
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be approximated in the model. Three methods of achieving this result were 

listed previously: 

1) a uniform pressure against the longitudinal faces, controlled 

to null any longitudinal expansion which tends to develop, 

2) rigid heads against the longitudinal faces, tied rigidly 

together across the model, and 

3) rigid heads against the longitudinal faces, with a controlled 

load applied to them to null any longitudinal expansion which 

tends to develop. 

a. Unif-0rm Restraining Pressure System. It is believed that the 

uniform pressure method would not satisfy the boundary condition satisfactorily. 

Dilation of the material is expected in failure zones which develop around the 

tunnel, with some expansion occurring in the longitudinal direction. More 

pressure would be required to null longitudinal strains in these regions than in 

regions away from the tunnel which are still behaving elastically. A uniform 

nulling pressure would then be too low to prevent expansion in the plastic 

zones and/or too high to exactly null strains in the elastic zones. Hence, the 

longitudinal faces would not remain plane during the loading, but would warp. 

Thus, the system is unsatisfactory. 

b. Rigid Heads Tied Across Model. The second method suggested 

has the obvious advantage of greatly simplifying the test procedure. Once the 

model is in testing position, the longitudinal heads are brought into contact 

with it and tied together across the model, probably at the corners of the model, 

The~ during the lateral loading the model is restrained from longitudinal expan-

sion by the rigid heads and ties. This would eliminate the need for monitoring 

and regulating the longitudinal deformations and loads. A serious problem which 
" 

must be given careful consideration with an apparatus of this sort is the 
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difficulty of seating the restraining heads against the model. Because of the 

very small (0.0211
) longitudinal expansion which would occur even in the plane 

stress condition, the restraining heads must be seated very carefully and 

tightly. Otherwise, the expansion of the model which would occur before intimate 

contact with the restraining loads was developed would be of the same order of 

magnitude as the total expansion during the test. In such a case the actual 

test condition would approximate plane stress more closely than plane strain. 

In spite of this problem, the anticipated simplicity of the testing procedure 

with an apparatus of this sort was very attractive and the design of such a 

system was carefully ~onsidered. 

Consideration was first given to a restraint consisting of heads 

about 2411 square tied together at the corners, such as sketched in Fig. 67. 

If the deformation of the restraining heads is estimated by analysing the 

heads as plates simply supported at 4 corners and subjected to a uniformly 

distributed load of 500 psi, it is found that to prevent 90% of the plane stress 

longitudinal expansion at the center, a steel plate 1211 thick would be required. 

This is considering only bending deformations in the 11 plate11 and does not 

include shearing deformations and extension of the ties between the heads, 

which are probably of the same order of magnitude as the bending deformations. 

Clearly, this sort of restraint is not satisfactory. 

Deformations would be significantly reduced if the edges of the heads 

could be kept from rotating. A design such as shown in Figs. 68 to 75 was 

considered for achieving this result. The top and the bottom heads are 

x-shaped members, each arm of which is about 2411 wide and 8211 long and is made 

of 811 channel irons, as shown in Figs. 68 and 69. The central 4811 of each arm 

is covered top and bottom by a 1/211 cover plate. At each corner of the model 



the top and bottom heads would be tied together by a connection such as 

shown in Figs. 70 and 71. The reactions for the lateral loading jacks and 

the end ties between the top and bottom heads are combined as shown in Figs. 

72 to 75. 

After the model is placed in position on the bottom head, it would 

be covered by the top head and the two heads would be fastened tightly 

together by the bolts in the corner connections (Fig. 70 and 71) in order to 

seat the heads tightly against the model. Next, the connections between the 

heads at the ends of the arms would be made. • Because a tight bearing is neces-

sary between the heads and at the jacking reactions, and because different model 

blocks can be expected to vary slightly in thickness, the wedge blocks a and b 

(Figs. 74 and 75) are necessary. They will allow solid bearing between the 

bottom head and the top head but will still allow the position of the top head 

to vary. 

Calculations were made to determine the deformations of the centers 

of the top and bottom heads under a uniformly distributed load of 500 psi over 

the location of the model. Both bending in the heads and extension of the 

corner ties was considered. Two different analyses were considered: 1) analyz-

ing the central 2411 x 2411 section of the head as a square plate simply supported 

at the corners and with some degree of fixity at the edges, and 2) considering 

each cross arm of the head to be a continuous beam from one end to the other, 

each subjected to 1/2 of the 500 psi uniform load from the model. It was 

found that the center deformation would be between 0.0030 11 and 0.0050 11
, i.e., 

when subjected to the stress needed to maintain a plane strain condition, the 

center of the heads would move outward between 30% and 50% of the amount that 

the block would ~xpand longitudinally under plane stress conditions. Roughly 

1/2 of this movement would occur because of strain in the ties between the heads 
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at the corners of the model. This calculated deformation is an overestimate 

because it assumes the full 500 psi acts as the head deforms while in reality, 

the pressure would decrease as the head deforms and the model is allowed to 

expand. Shearing deformations are not considered, however, and would probably 

be of the same order of magnitude. The conclusion reached is that this design 

would not be rigid enough. 

To be acceptable, the calculated deformation should not exceed about 

10% of the plane stress expansion, i.e., it should be 1/3 to 1/5 of that 

allowed by this design, requiring perhaps 3 to 5 times as much steel as the 

design shown in Figs. 68 to 75, Such an apparatus Is considered too massive 

to be practical. The problem of adequately seating a model in an apparatus of 

this design remains an unsettled question. Furthermore, such an apparatus, 

representing a sizable investment, would not have the adaptability and general 

capabilities of the design finally chosen. For these reasons, it was decided 

that rigid heads tied together across the model were not a satisfactory design. 

c. Controlled Rigid Longitudinal Heads. 

i. Cantilevered lateral reactions. The next system which was 

considered is shown schematically in Fig. 76. The bottom frame and lateral 

reactions would be combined into a single unit very similar to that of the 

previous rigid design. Details of the ends are shown in Figs. 77, 78, and 79. 

The top head would consist of a grill work as shown in Fig. 80 with a 111 bottom 

cover plate in contact with the model and a 1/211 top cover plate. The 1/411 

rod threaded into the bottom plate is part of the longitudinal deformation 

monitoring system which will be discussed in more detail later. Hydraulic 

jacks would force the head against the model to null longitudinal expansion 

of the model. 



71 

Calculation of the deformation of this 11 rigid 11 head, assuming a 

500 psi uniformly distributed load from the model and point loads from the 

jacks indicate the surface In contact with the model would deform on the order 

of! 0.0002 11 from a plane, considering both shearing and bending deformations. 

This is considered satisfactory and is actually an over-estimate since the 

jack reactions would be spread over the area of the jack bases and would not 

be point loads. The reaction for these longitudinal jacks would be provided 

by a grillwork such as shown in Fig. 81, tied to the bottom frame by angle 

irons at the corners of the model. 

The difficulty with a design such as this is that the support for 

the lateral jacks is not symmetrical, but is cantilevered off the bottom 

frame. This produces bending stresses in the bottom frame and results in a 

convex upward curvature under the base of the mode I, whLch is- intole-rabtt 

large. A number of schemes were considered for reducing this curvature but 

calculations for all schemes showed that the maximum deformation of the 

center would be up to 20% of the plane stress deformation, unless steel 

sections much larger than shown are used. The conclusion reached is that an 

eccentric support of the lateral reactions is unsatisfactory. 

ii. Symmetrically supported lateral reactions. Utilizing 

experience gained from previous designs, a final design was arrived at in which 

the reactions are symmetrically supported and deformations of the reaction frame 

are not a major problem. This design Is shown in Figs. 82 to 97. Overall 

views of the apparatus are shown in Figs. 82 to 84. The lateral loads are 

applied by the pyramids of triangular elements discussed previously, which are 

arranged as shown in Figs. 85 and 86. The reactions for the lateral jacks are 

supp Ii ed as shown .in Fi gs. 82 to 85, with deta i Is of the end reactions given in 
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Fi gs . 87 to 90. The horizon ta 1 1 3/ 411 rods a re removed wh i 1 e pos i ti on i ng the 

model in the loading frame and setting up the test. These rods have the same 

cross sectional area as the horizontal 311 x 311 x 7/1611 angle iron ties, and the 

axis of the lateral jacks is spaced vertically midway between the centroid 

of the rods and the centroid of the angles, in both the crv and crh directions. 

Hence, bending moments in the lateral reaction frame are kept to a minimum. 

Moreover, the lateral reaction system is independent of the longitudinal system, 

and deformations and moments in the lateral system have no effect upon the 

longitudinal deformations. 

The longitudinal restraint is supplied by the apparatus shown in 

Figs. 91 to 96. The top longitudinal head ls the same as shown in Fig. 80. The 

bottom restraint is a passive element, the 2' x 2 1 x 2 1 concrete cube shown in 

Figs. 91 and 93, The reactions are supplied by the top and bottom longitudinal 

reaction heads shown in Figs. 92 to 96, which are tled together by the 4 vertical 

1 3/411 diameter rods. While considerable deformation of these top and bottom 

reaction heads will occur, it is of no significance because the model does not 

rest directly against them. The model is shielded from irregular deformation 

of the bottom frame by the 2 1 concrete cube, while being loaded from the top 

by the hydraulic jacks acting against the top head shown in Fig. Bo. 

The system for monitoring the longitudinal deformations is shown in 

Figs. 93 and 97, The horizontal 1 1/411 x 1 1/411 x 1/811 angle iron above the 

top loading head is coupled to the 3/811 plates under the model by the short 

1/211 diameter rods and the horizontal 111 x 111 x 1/411 angle irons which are in 

11 tunnels 11 in the concrete cube, and it moves with the bottom of the model block. 

The 1/411 rods through the top loading head are screwed into the 111 plate in 

contact with the top of the model, and move with the top of the model. 
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Mechanical dial gages measure the movement between the 1 J/411 angle iron 

and the 1/411 diameter rods, i.e. they measure the relative movement between 

the top and bottom of the model. The load applied by the longitudinal jacks 

will be controlled to null any longitudinal expansion of the model which tends 

to develop during the application of the lateral loads, as measured by this 

null strain monitoring system. 

For those members in which deformations was not a controlling factor, 

the reaction frame has been designed for an extreme fiber stress of 20,000 psi 

in both tension and compression in the rolled steel sections, which ar~ of A36 

steel. The horizontal and vertical tie rods are subjected to higher stresses 

in the threaded sections, and are of higher yield steel. 

To ensure adequate seating of the loading heads (and longitudinal 

deformation measuring points) against the model, the following procedure is 

suggested: The top 3/811 plate beneath the model is the bottom of the mold in 

which the model is compacted, hence it should be well seated against the model. 

The bottom 3/8 plate was cast against the concrete cube and will not move. As 

the model is put in testing position a thin film of hydrocal, or a similar 

material, will be placed between the 3/8 plates to ensure complete contact 

between them. The top loading head will be placed on the model immediately 

after it is compacted and before it hardens so that the model surface con

forms to the bottom of the 111 plate of the loading head. When testing is 

ready to begin, a longitudinal seating load of perhaps 50 to 100 psi will be 

applied before the lateral loads are applied. 

The hydraulic jacks used are 12 Simplex RC-6010 double-acting 60 

ton hydraulic rams. They are actuated by the pressure console shown in Figs. 

82, 83 and 98. The console is driven by air pressure and features two 
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independent hydraulic systems each capable of producing pressures of 10,000 

psi from an air pressure of 100 psi. The four jacks applying the a loads to v 

the model are driven by one of the consoles' hydraulic systems, while the four 

applying the ah loads are driven by the other system. A hydraulic pressure of 

7000 psi is required to develop the average stress of 1000 psi against the 

model. The longitudinal jacks are driven by a hand pump. 

The lateral loading assembly has been thoroughly tested in conjunction 

with the brittle coating studies described previously, and has been found to 

operate very satisfactorily. At the time of this writing, the longitudinal 

restraint system has been assembled, but not tested. It is anticipated that· 

minor modifications of the apparatus will have to be made as the model testing 

program develops. 

4. Control of Friction Along Longitudinal Loading Faces 

A very critical problem is that of friction between the model and 

the large area of the longitudinal loading surfaces. Hobbs (1966) in similar 

experiments experienced losses of 35% to 68% of the applied lateral loads into 

friction along the longitudinal faces. Friction losses of this magnitude are 

intolerably large. 

The first method considered for reducing the friction between the 

model and the loading heads utilized a set of thin, square steel plates spread 

over the longitudinal faces of the model (as shown in Fig. 99), between the 

model and the loading heads. The plates would be placed directly against the 

model surface and would move with it. They would be separated from the steel 

head by some sort of friction reducing system and would move relative to the 

head. It was believed that friction between the two steel surfaces could be 

controlled better than friction between the model material and steel. 
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A system of ball bearings between the plates and loadlng heads would 

probably give the lowest friction, but was rejected because of the anticipated 

cost and complexity. A film of dry lubricant of some sort (Fig. 100) was con

sidered to be more practical and easy to use. Discussions with members of the 

mechanical engineering staff at the University of Illinois suggested that the 

small square steel plates would be unnecessary and the model could be placed 

directly against the lubricant and the loading heads. 

A simple double direct shear device was constructed for investigating 

the friction between the model material and steel (Fig. 101). Tests i~dicated 

a coefficient of friction of 0.35 between the 1/1/9 mixture of water/plaster/ 

fine Sangamon sand and steel (friction angle= 19°). A number of combinations 

of aluminum foil, wax paper, vase line, light oil, molybdenum disulfide powder 

(Molykote) and teflon were tried in an attempt to reduce this friction. Repre

sentative test resuTts are shown in Fig. 102. The combination of a thin coating 

of vaseline covered by a layer of wax paper against the surface of the model 

material proved to be most effective in "smoothing out11 the surface of the model 

and minimizing the roughness produced by individual sand grains on the surface. 

Aluminum foil proved to be less satisfactory than wax paper because It was 

easily punctured and torn by individual sand grains. The dry Molykote powder 

was more effective as a lubricant than vaseline, light oil, or a mixture of 

molykote and light oil because the latter were extruded from the sliding sur

faces under the normal loads, whereas the powder was not. Hence attention was 

concentrated on dry lubricants. The lowest coefficient of friction which has 

been achieved is 0.05 (~ = 3°), using two sheets of 0.00511 thick teflon placed 

between two sheets of wax paper. The most common readily available dry lubri

cants and representative ranges of coefficients of friction found in the 
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literature are: graphite, O. 10-0. 19; molybdenum disulfide, 0.05-0.15; 

teflon, 0.03-0.04. The presently achieved values are within these ranges. 

A further reduction of friction with these lubricants would probably require 

flatter, smoother surfaces, which may be difficult to achieve with the model 

material. Sheets of 0.005 11 thick teflon 2411 wide have been obtained. This 

material seems to be quite tough, and no difficulties due to tearing of the 

teflon sheets is expected. 

Calculations have been made to determine the loss of applied lateral 

load due to friction between the model and top and bottom loading faces, based 

upon the assumptions of plane strain, a JOO psi top head seating load, and a 

Poisson's ratio of 0.25 for the model material. The results are shown in 

Fig. 103 for different values of N and friction properties. It is seen that 

over the range of N values considered, for a coefficient of friction of 0.05, 

between 85% and 95% of the applied lateral loads are felt by the model t~nnel, 

except for the loads in the oh direction at N = 1/4. v + v2 
For N = there is 

I - v 2 ' 
no strain in the direction of the minimum applied lateral loads, while for lower 

values of N, the block tends to expand in this direction, even though in com-

pression. For v = 0.25, this occurs for N < 1/3, hence at N = J/4i the friction 

on the heads opposing the outward movement of the model increases the loads in 

the oh direction, as shown. The JOO psi seating load and Poisson's ratio of 

0.25 are probably overconservative estimates, so that actually an even higher 

percentage of the applied load will reach the tunnel. 



77 

C. Instrumentation of the Model 

A great deal of qualitative information could be obtained from th·e. 

model tests simply by measuring the applied loads and by observing the failure 

modes and noting how they are influenced by changes in the variables being 

studied. However, a much greater understanding of tunnel behavior would result 

if quantitative measurements could be made through an appropriate instrumenta-

tion system. 

1. Applied Stresses and Over-all Block Deformations 

The applied loads could best be measured by simply monitoring the 

pressure supplied to the hydraulic jacks. While this is not entirely sat is-

factory because it is a rather remote measurement, it seems to be the most 

practical for the present testing program. Experience with the instrumented 

set of loading elements, presented earliar,_ indJcates- that s-tra-in gage in-stru--

mentation is not a satisfactory method of monitoring the individual loading 

elements. Some sort of hydraulic cushion or flat-jack system against the model 

would probably be required for a direct measurement of the applied stresses. It 

is expected that this would be rather expensive to develop. Furthermore, the 

studies of the load distribution properties of the lateral loading assembly, 

presented earlier, have shown that the assumption of uniform free field stresses 

equal to the total applied load divided by the total area is a reasonable one. 

The over-all lateral deformations of the model block could be measured 

with mechanical dials attached to the loading frame and should present no parti-

cular problems. The mechanical dials can be placed against the model at the 

center of each lateral side, between the two pyramids of triangular loading 

elements. The longitudinal deformations would be monitored as discussed 

previously. 
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2. Radial Extensometers 

Measurements of the radial movements of the tunnel wall would be 

quite valuable. Because the first models tested will not contain tunnels, a 

method for monitoring these deformations has not been studied in great detail 

yet. It is planned that these deformations be monitored by radial extensometers 

utilizing LVDT's, potentiometers, or some similar linear displacement trans

ducer as sensing elements. These extensometers might be mounted in a manner 

such as shown in Fig. 104, measuring to the tunnel wall and to a depth of 

1 tunnel radius behind the wall, as shown in Fig. 105. The bore holes for 

the extensometers could be drilled with a dental drill. The extensometers 

would be mounted in the 0°, 90°, and 225° directions, as shown In Fig. 105, 

to measure deformations in the directions of the free field principle stresses 

and at 45° to them. This 45° direction was chosen because the work in Reyes 

(1966) predicts the growth of plastic zones away from -the tunnel in the 1+5° 

directions for loadings of N ~ 1. A maximum of about 6 such extensometers 

could be used because of space limitations. The estimated elastic deforma

tions as shown in Figs. 49 and 50 indicate that the sensing elements of the 

extensometers should have an accuracy of 0.001 inch and an operating range 

of at least O. 100 inch. 

3, Internal Electrical Resistance Strain Gages 

a. General Considerations. It would be desirable to have more 

quantitative measurements of the model behavior than can be obtained from the 

6 radial extensometers. To obtain additional data it would be necessary to imbed 

some sort of instrumentation gages within the model, behind the tunnel walls. 

Before these gages can be selected, it is necessary to have some idea of the 
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model behavior. As previously presented (Sect. II. B. 1. c.), one estimate 

of stress distribution around the tunnel is shown in Figs. 50 to 53. If a plas-

tic zone such as represented actually develops, then in order to place instru-

mentation in it, it is desirable to have as wide a plastic zone as possible, 

hence as weak a material as possible. Yet to properly model the strength and 

deformation characteristics of rock, higher strengths are developed in the 

model materials. A reasonable compromise appears to be a 411 diameter tunnel 

in a material with a• of around 35° and a qu of 500 p~i to 600 psi. This would 

' give a plastic zone about 111 thick. 

An instrumentation layout such as shown in Fig. 106 seems desirable. 

This system would allow the behavior to be monitored at depths of 1/4, 1/2, 1, 

2, and 3 tunnel radii behind the tunnel wall in the 0°, 90°, and 225° directions. 

The suggested gage locations are staggered on opposite sides of the tunnel for 

two reasons: 1) to increase the number of gages which can be placed along a 

diameter while allowing sufficient spacing of reasonably large gages, and 

2) to give some Indication of the symmetry of the model behavior. The data 

from 5 gages on one diameter will be plotted on a graph as If they were all on 

one side of the tunnel. If the two data points from one side line up reasonably 

well with the three data points from the other side to define some sort of 

curve, it will be assumed that the model behavior is symmetrical about the 

tunnel. If not, it may reflect on assymmetrical behavior and some changes in 

the Instrumentation may be required. As discussed previously, the work of 

Reyes (1966) indicates the development of the plastic zone along 45° lines for 

crv ~oh, hence, the need for instrumentation along 45° radii. If failure occurs 

by formation of extension fractures parallel to the tunnel wall or by the 

tunnel walls raveling and falling in as the failure zone grows, instead of by 
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the full development of a plastic zone such as shown in the graphs, the 

instrumentation shown in Figs. 105 and 106 should still allow a reasonably 

complete monitoring of the model behavior. 

A satisfactory method of imbedding gages within the model block poses 

some problems. Some requirements of the internal gages are: 

1) They must not significantly disturb the model behavior, 

2) They must be capable of being placed within a block of 
sand/plaster material which will probably be molded by 
impact compaction, 

3) They must have a remote readout linearly proportional to 
strain In the model (it is assumed that such a strain 
gage will be much easier to construct than a device whose 
output is linearly proportional to the stresses in the 
model), 

4) They must measure strains in a material whose deformation 
modulus will vary from a maximum of about 200,000 psi in 
the elastic regions at high confining pressures to a 
minimum of 0 in the plastic zones; hence it will be 
impossible to match the modulus of the gage with the 
modulus of the material. 

5) They should operate over a strain range approaching 4% 
(40,000µ in/in). 

6) They should measure strains in the midplane of the model 
in 2 or 3 directions at the gage point. 

7) The gage length must be small, particularly near the 
tunnel, because the strain gradients may be large, 

8) The gage length must be significantly larger than the 
size of individual sand grains so that the strain 
readings are meaningful, 

9) The gages must not be adversely influenced by perpendicular 
pressures of up to 500 psi which may be required to maintain 
plane strain in the model. 

tt seems that sensing elements consisting of SR4 foil rosette gages of about 

1/411 gage length such as the BLH FAR-50-12(45)56 gage will most nearly satisfy 

the requirements listed above. The best method of encapsulating these elements 
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within the model is not certain. A literature survey has not disclosed any 

completely satisfactory methods which have been used by other investigators. 

A study by Loh (1954) indicates that the most desirable configuration for an 

internal strain gage is a long dimension parallel to the direction in which 

strain is being measured, and short perpendicular dimensions. This con

figuration would result in the smallest error in gage reading due to a mis

match of gage and model moduli. A foil SR4 gage in a thin wafer would best 

satisfy this requirement. Personal communication with Mr. Leo Ingram of U.S. 

Army Waterways Experiment Station indicates that they have satisfactorily 

imbedded SR4 gages in cement grouts by sandwiching the gages between 2 pieces 
' 

of 0.00511 copper shim stock, then casting this into a 211 x 111 diameter cylinder 

which is mounted in the grout mass. Loh (1954) discusses somewhat similar 

techniques. Barron and Larocque (1962) and Barron (1962) report partial success 

in instalHng srmrlar gage ''sanc:twiches 11 in siits cut into cured praster

diatomaceous earth materials. To date, no other record has been found of 

satisfactory placement of SR4 gages in materials such as are being used. Some 

literature is available on the casting of SR4 gages in epoxy bars and cylinders, 

(Baker and Dove, 1962 and 1963; Brazier and Dove, 1961; Dove, Brazier, and 

Baker, 1962) but the techniques do not seem to be applicable to the problem 

at hand. 

Present study suggests that the most practical method of imbeddlng 

internal gages would be to first cast the model In two 411 thick slabs. To 

insure complete contact between the two halves, the bottom half may be compacted 

in the bottom of an 811 deep mold, then a layer of metal foil placed at the mid

plane of the model and covered by compacting the top half in place. After 
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drilling the tunnel, the two halves would be separated and the foil removed, 

then the SR4 foil gages would be glued to the top surface of the bottom 411 slab. 

The top slab would then be placed In position over this. For satisfactory 

performance of the model it should not be necessary to glue the top and bottom 

halves together since theoretically no shear or tensile stresses will be trans

mitted across the midplane because of the symmetry of the model and because con

siderable normal stress will be applied to this plane to maintain plane strain 

in the model. 

It would be necessary to test cylinders with gages mounted internally 

in a similar manner so that readings of the internal gages may be compared 

with readings of surface mounted SR4 and dial gages, to test the accuracy of 

the internal gages. 

b. Surface SR4 Gages. The first study, then, was directed toward 

mounting SR4 gages on the surface of cylinders of the model material. As an 

estimate of the accuracy of the surface SR4 gages, the stress-strain curve deter

mined by them was compared with that determined by a dial gage measuring the 

deformation between the loading heads. It was assumed that the SR4 gages would 

be working properly if the central linear portion of the dial gage stress-strain 

curves was parallel to the central linear portion of the curve determined by the 

SR4 gages. 

To date, a satisfactory comparison between the two has not been 

observed. The SR4 gages have always registered considerably Jess strain than 

the dial gage. Typical curves from an unconfined specimen are shown in Fig. 

107. In this figure, the dial gage curve has been shifted to the left so the 

central linear portion extends through the origin, in a crude attempt to correct 

for seating errors at low stress levels. 
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A number of different gage mounting techniques were tried in an 

attempt to increase the 11 strain pick-up11 of the SR4 gages, including: 

1. Mounting the SR4 gages (BLH type A-1) on the specimen with 

Duco cement and various e~oxies such as Budd GA2, a BLH two

component epoxy, and Armstrong A35. 

2. Coating the specimen at the gage location with a sub-base of 

Duco cement diluted with acetone, then mounting the gages on 

the sub-base with the epoxies listed above and with Eastman 

910 adhesive. 

3. Coating the specimen at the gage locations with a very thin 

layer of plaster of Paris, then mounting the gage with Armstrong 

A35 on the smooth plaster surface. 

Only the use of undiluted Duco cement and the thin plaster layer developed 

visibly unsatisfactory bonds~ l"he undiluted Duco cement-was- too viscous to 

penetrate into the material and peeled off readily carrying the first layer of 

sand grains. The gages on the plaster layer registered almost no strain, and 

the plaster layer spalled off as the cylinder approached failure. A visual 

inspection of all other methods suggested the bonds were quite satisfactory, 

penetrating sufficiently deep into the material to bond well, but not so 

deeply as to form a rigid button which spalls prematurely. 

Of the various gluing techniques tried, the most strain has been 

registered by gages bonded with Eastman 910 adhesive on the di lute Duco sub

base, presumably because a thinner bond is obtained, which transmits strains 

to the gages more efficiently. The dilute Duco sub-base consists of a mixture 

of Duco cement and acetone (1 :1 by weight) which is dried at ll0°F for 24 hours. 

This sub-base serves to seal the pores of the material and prevent excessive 
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penetration of the very fluid Eastman 910 adhesive. Budd GA-lAl accelerator 

has proven most satisfactory for use with the Eastman 910 on this sub-base. 

A-1 gages mounted in the above manner on the surface of cylinders tested in 

unconfined compression have registered about 1/4 the strain indicated by the 

mechanical dials measuring between the loading heads, in the central linear 

part of the stress-strain curves. 

The reason for this descrepancy between the SR4 gages and the 

mechanical dial gages was not immediately apparent. One possible explanation 

was associated with the weak, friable nature of the material. Dove (1955) 

has shown that the stiffening influence of two paper-backed Al gages and the 

associated nitrocellulose cement on materials of modulus around 100,000 to 

200,0~0 psi is almost negligible, being only 3% to 6% for a tensile specimen 

3/8" thick by 111 wide. It was thought that it might be possible that this 

stiffeni11g affect is ma_gnified on friable materials such as are being tested, 

however, because it may be easier to develop a non-uniform strain distribution 

across this very heterogeneous gypsum matrix-sand grain structure. It was 

hypothesized that a sharp strain gradient might develop in the cylinder 

immediately behind the SR4 gage and the portion of the cy 1 i nder which is 

impregnated with glue, with the centra 1 portion of the cy 1 i nder experiencing 

more strain than the SR4 gage. If such a phenomenon actually exists, it might 

be expected that the gage would spall off as failure of the cy 1 i nder is 

approached. However, this has not been observed. If this strain gradient 

does tend to develop, it would be expected that it would be reduced by applica

tion of normal stresses to the surface of the cylinder through confining 

pressure in triaxial tests. A cylinder tested at a confining pressure of 

500 psi showed a much better correlation between the surface A-1 gages and the 

external dial gage (Fig. 108), lending support to this hypothesis. 
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If this hypothesis Is the major reason for the poor correlation 

between the SR4 and dial gages, it would be expected that the best correla

tion would be obtained on triaxial compression specimens with SR4 gages 

imbedded internally, along the axis of the specimen, since such a gage would 

have the maximum surface area of bond between the gage and the specimen. 

However, the stress-strain curves from internal gages, which will be presented 

later, matched closely those from the surface gages, so that doubling the 

bonding area had little effect on the strain pick-up. This discounts the 

explanation of the hypothesized strain gradient causing the discrepancy 

between the SR4 gages and the dial gages. 
, 

Another explanation might be associated with seating of the loading 

heads. The model material is quite friable because of the weak bonding between 

sand grains. Hence it is impossible to get a very smooth surface on the cut 

ends of the test cylinders. The ends of the test cylinders are relatively flat, 

parallel, and perpendicular to the cylinder axis, but are smooth only to within 

approximately+ the sand grain diameter. As load is applied the protruding 

sand grains take up load and are pushed down into cylinder giving a very pro

nounced concave upward curvature on the stress-strain curve determined by the 

dial gage measuring between loading heads. It has been assumed that this effect 

does not extend beyond stress levels of approximately 1/3 to 1/4 the maximum 

strength, where the stress-strain curve becomes linear. If, however, the 

effect is present to some extent at higher stress levels, the dial gage would 

yield stress-strain curves which are flatter than the actual material behavior 

and are not valid for a comparison with the SR4 gages. In essence, this is 

hypothesizing the existence of a strain gradient along the axis of the 

cylinder, with a higher strain at the ends due to a progressive failure 

mechanism. 
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Several things were tried to test this hypothesis. For one thing, 

the ends of cylinders were capped with Hydrocal to give a smooth, hard surface 

in an attempt to reduce this progressive failure. A comparison of the stress

strain curves for the dials between platens in Fig. 107 for a cylinder without 

end capping, and that for a cylinder with end capping in Fig. 109 shows a 

considerable difference. Although a concave upward curvature· exists to about 

the same stress level for both cylinders, much less strain occurred both for 

the initial curvature and for the total stress to failure in the cylinder with 

the end capping. This supports the hypothesized progressive failure phenomenon 

and seating problem at the ends of the specimen. 

As a further test of this hypothesis, a mechanical extensometer was 

mounted on the cylinder to measure deformations along the central 2 1/811 of 

the cylinder. The extensometer consists of 2 brass rings of about 311 internal 

diameter mounted concentric with the cylinder about 2 1/811 apart. Each ring 

is supported by 3 screws 120° apart which are brought into contact with the 

surface of the cylinder. Three 0.0001 dial gages mounted on the rings 120° 

apart measure the relative movement of the two rings and allow the axial strain 

in center of the cylinder to be determined. Because the model material is so 

weak and friable the weight of the extensometer rings and dial gages can not 

be supported adequately by screws seated directly in the cylinder surface. 

To overcome this problem, a small patch of the dilute Duco cement is placed 

on the cylinder at the location of the screw contacts and the screws are seated 

in the Duco patch. The results of an unconfined compression test with such a 

set-up are shown in Fig. 109. It is seen that the surface mounted A-1 gages 

register very nearly the same strain as the extensometer does, in fact, they 

register slightly more. This indicates that the SR4 gages are properly bonded 
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and are actually registering the strain which the cylinder is experiencing 

through its central portion. Again, this is a confirmation of the existence 

of a strain gradient down the axis of the cylinder, with higher strains 

occurring at the ends. 

In an attempt to document the existence of this hypothesized strain 

gradient, several cylinders were tested with a series of SR4 gages glued in 

a line parallel to the axis of the cylinder. Two cylinders were tested with 2 

lines of A-7 gages (1/411 gage length) and 2 A-1 gages (13/1611 gage length) 

arranged as shown in Fig. 110. A third cylinder was tested with gages 

arranged as shown in Fig. 112. The resulting stress-strain curves for 2 of 
, 

the cylinders are shown In Figs. 110 and 112, and the measured strain gradients 

are shown in Figs. 111 and 113. 

It is seen that the strain as measured by the SR4 gages is definitely 

not uniform along the axi~ of the specimen. The twoc.y!lnde-rs- showthe-highe-si:

strain at the bottom and the least at the top. It should be noted that the 

strain measured by the A-1 gages in the middle is roughly the average of the 

strain measured by the A-7 gages. In general, the strain variation along the 

axis as measured by the SR4 gages is not enough to account for the variation 

between the middle A-1 gage and the external dial gage. Only the stress

strain curve for the A-7 gage at the bottom of cylinder B4-3 (Figs. 110 and 111) 

roughly parallels the stress-strain curve determined by the mechanical dial 

measuring between the loading heads. 

An interesting feature which can be observed in both Figs. 110 and 112 

is that just before the cylinder fails, the stress-strain curve for the bottom 

A-7 gage, which is recording the most strain, exhibits a reversal of curvature, 

i.e. it becomes concave to the upper left. This indicates a relaxation of 
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stresses at the gage location caused by the development of a fracture in the 

high strain regions under the gage, preceding the complete failure of the 

cylinder. 

The data from these tests are inconclusive. They indicate the 

existence of a considerable variation in strain along the axis, but only in 

the case of cylinder B4-3 was the strain measured by the end SR4 gages large 

enough to account for the difference between the middle A-1 gages and the 

dials between the loading heads. This suggests that the highest strains occur 

quite near the end of the specimen. The fact that the highest strains were 

measured at the bottom of the cylinders suggests that the physical arrange

ment of the testing apparatus may be of some importance. The bottom loading 

head ~as rigidly attached to the loading machine whereas the top loading head 

continued a spherical seat. It is conceivable that the rigid bottom head may 

i)rodtiee-an uneven-stres-s dl--stribut~on at the bottom, intensifying the unequ~l 

strain distribution in the cylinder. 

The important conclusions which can be reached from the study of sur

face SR4 gages on the cylinders are: 

1. Electrical resistance strain gages can be satisfactorily mounted 

on surface of cylinders of the model material with Eastman 910 

adhesive over a sub-base of dilute Duco cement (Duco cement: 

acetone in a mixture of 1:1 by weight). 

2. The SR4 gages mounted along the center of test cylinders in the 

manner described above give a reasonable indication of the 

strain which actually occurs at the gage locations. This strain 

is significantly less than the average strain of the specimen 

measured by relative movement of the loading platens because of 
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a strain gradient along the axis of the specimens, with 

the greatest strains occurring at the ends. 

c. Internal SR4 Gages. Several cylinders of the model material 

have been tested with foil SR4 gages placed on an axial plane inside the 

cylinder. The internal surface has been prepared in two ways. One is by simply 

sawing the cylinder along an axial plane and splitting it in half. The other 

method used is that suggested for the model, which is to compact a block with 

a metal foil separation along a mid plane, then to separate the two halves and 

remove the foil after the block has cured. The test cylinders were cored from 

the block with their axis in this plane of separation. 

Two different types of gages, one and two element foil rosettes, were 

used for different cylinders. The gage is glued to the axial plane on one half 

of the cylinder in the same manner as surface gages, with Eastman 910 adhesive 

on a di 1 ute Duce sub-base. The I ead wires_ are_ then S-O-Ldered to the- ga-ge- and 

brought out of the cylinder in small grooves cut into the exposed axial plane. 

A slight hollow is then formed in the axial plane on the other half of the 

cylinder directly opposite the gage location, to prevent sand grains from being 

in direct contact with the foil. This hollow is then filled with Duco cement, 

the gage on the first half is coated with Duco cement, and the two halves are 

clamped together. After the Duco cement has dried, surrounding the gage and 

glueing the two halves together, the cylinder is ready for testing. 

The results of tests on three cylinders are shown in Figs. 114, 115, 

and 116. The data in Figs. 114 and 115 give a comparison between the readings 

of the internal foil gages and surface of A-1 gages. It is seen that the two 

agree favorably, indicating that the internal gages are functioning properly. 

A careful study of Figs. 114 to 116 shows that the SR4 gages show better agree

ment with the external dials in triaxial compression than in unconfined 



90 

compression, but at best they only register about 50% of the strain indicated 

by the dial gages, even when the curves are shifted to correct for the initial 

seating error. 

The data of Figs. 115 and 116 indicate reasonable values of Poisson's 

ratio and dilation of the material at failure. The volume change character

istics of these cylinders are quite similar to those observed in real rocks 

(See for example, Corps of Engineers, 1964 and 1965). This is a further 

indication of the suitability of this material for modeling rock. 

The conclusion which has been reached in these instrumentation 

studies is that foil rosette SR4 gages mounted in the manner described operate 

satisfactorily in triaxial tests at confining pressures at least as high as 

500 psi and should prove satisfactory for monitoring the model behavior. 

4. Temperature Compensation and Wiring 

Raphaei (1960) 1'.:1-escri-bes -the use of -5-R4 gages cm a -plaster-

di atomaceous earth model of a dam in which temperature compensation of active 

gages was a problem. He found that the use of a single compensating gage with 

a number of active gages caused intolerably large temperature induced false 

~train readings because of heating of the compensating gage. This problem is 

not so severe when working with metals since the heat evolved by the gages Is 

rapidly dissipated because of the metal's high thermal conductivity. But the 

plaster-diatomaceous earth material has a much lower thermal conductivity and 

does not dissipate the heat rapidly enough. Raphael (1960) found It necessary 

to reduce the bridge voltage to 2 1/2 volts and to switch compensating gages 

as well as active gages, using 24 compensating gages with 215 active gages. 

The time lapse between successive uses of any one compensating gage was then 

sufficiently long to allow dissipation of the heat evolved by the gage during 

the time it was part of the bridge circuit. 
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In anticipation of similar problems, several tests were performed 

using one element of Budd C6-141-R2TC foil rosette gages imbedded within test 

cylinders of the model material in the manner described previously, and wire 

SR4 gages mounted on a steel plate. For switching, 10 position silver contact 

switches were used. Strains were read with a BLH Model 120 Indicator powered 

by 110 volt 60 cycle alternating current and supplying a bridge voltage of 2.7 

volts. The first test consisted of switching two of the wire gages on the 

steel plate into adjacent arms of the bridge and observing the bridge balance 

for periods of up to 30 minutes. It was found that no drift occurred, indicating 

that the strain indicator was stable. Next, two of the foil gages inside the 

model material cylinders were subjected to the same test. Again no drift was 

observed, indicating that temperature effects on gages mounted on the model 

material can be compensated for adequately. Next one of the foil elements in the 

model material cylinders was switched into the bridga as_ a_ compensating gage and 

a wire gage on the steel plate was switched in as an active gage. The bridge was 

balanced and observed for a period of time. It was found that over a period of 

40 minutes the bridge drifted a total of 10 µ in/in out of balance. It was 

assumed that the heat was able to dissipate from the wire gage on the steel plate 

as rapidly as it was produced by the gage. The observed drift, then, indicates 

that the thermal conductivity of the model material was sufficiently low to allow 

the temperature to build up around the foil gage, and a temperature induced strain 

was read. The rather low magnitude of this strain may be due to two reasons: 

1) the thermal conductivity of the model material may be nearly high enough to 

dissipate the heat (the low thermal conductivity of the plaster-diatomaceous 

earth materials used by Raphael (1960) may be due to the large percentage of air 

voids in such low density materials), and 2) the thermal coefficient of expansion 
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of the model material may be sufficiently close to that of steel so that the 

temperature compensation of the gage is almost exact (both quartz and plaster 

have thermal expansion coefficients close to that of steel). Although this 

temperature Induced false strain is so small as to be almost negligible, It 

Is felt that it should be eliminated If possible. 

Switching tests Indicated that the combined error in switching and 

reading the strain Indicator is approximately.±. 2 µ in/In, and that a total 

of about 20 seconds Is required for one man to switch to a gage, balance and 

read the indicator, and record the reading. A test was next run using a wire 

gage on steel as the compensating gage, and switching between another wire 

gage on steel and one of the internally lmbedded foil gages for the active 

gage. The foil gage was switched into the circuit for a reading for 20 seconds 

every 3 minutes. The rest of the time the wire gage on steel was left in the 

circuit. This was done for a period of one-half hour. The strain indicated by 

the foil gage remained the same within.±. 2 µ in/in, the accuracy with which 

the readings can be made. This indicated that the time lapse between successive 

readings of the foll gage was enough to allow complete dissipation of the heat 

evolved while the gage was in the circuit, so that no temperature induced false 

strains were produced. Duplication of this timing in the model would require 

9 compensating gages which would be switched each time an active gage is read. 

Each compensating gage would then be used for 20 seconds out of every 3 minutes. 

The switching system shown in Figure 117 is planned for the model. It 

is designed for manual switching, reading, and recording using a single strain 

indicator and a bank of 10 position silver contact switches. For the sake of 

symmetry it is planned that 10 compensating gages be used. It is estimated 

that about 20 minutes would be required to read the gages on the model. 
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A wiring system such as shown in Figure 118 is suggested for the model. The 

leads for the SR4 gages would be brought out the sides of the model rather 

than through the tunnel in an attempt to minimize disturbance of the tunnel. 
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IV. FEASIBILITY OF RELATIVELY LARGE SCALE MODELS - TENTATIVE OBSERVATIONS 

Because the presently proposed testing programs on small scale models 

has not yet been conducted, it is too early to present many definite sug-

gestions. Some tentative observations can be made, however. 

A. Similitude Considerations 

Body forces are a major consideration which have been ignored in 

the present study. As discussed previously (I l.B.1. and I I .E) this can be 

done as a "first approximation" in a study of the behavior of underground 

openings. In a more refined study, however, the influence of body forces such 

as gravity should be considered. If they are to be considered, the body 

forces must be modeled in the same scale as the surface forces (such as the 

free field stresses which are considered in this study). That is 

K(body forces) = K(surf ace forces) Eq. 16 

This is the same as K (mg) = K(oA) Eq. 17 

which is K(pL3g) = K(aL2) Eq. 18 

or K K3 K = K K2 
p L g C1 L Eq. 19 

K KL K = K 
p g C1 

which simplifies to Eq. 20 

That is, the product of the density, length, and gravitational acceleration 

scale factors must be equal to the stress scale factor. (?ee Langhaar, 1951, 

for an explanation of this method of developing model laws.) 

The modeling law expressed by Eq. 20 places rather severe limita-

tions on model studies, and a number of techniques have been developed by 
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previous investigators in an attempt to satisfy this requirement. The problem 

is particularly difficult in studies such as the present one in which both 

elastic and inelastic deformations and 11 failure 11 are significant and must be 

considered. In such cases it is very difficult to find or develop a low strength 

material for accurately modeling the behavior of the prototype material. Hence 

it Is quite common to use the same material in the model as exists in the proto-

type. In such a case corresponding stresses in the model and in the prototype 

are identical, i.e. 

becomes 

K = I. er 
Hence, in modeling, the requirement of Eq. 20 

= Eq. 21 

The length scale factor KL is dictated by the size of the prototype 

and the size of the available laboratory testing facilities. Since KL is 

generally less than unity (KL< I) it is necessary that the product of the 

density and the gravitatfonaT acceferator scale factors be greater than unity 

(K K > 1). The material density can be varied by a factor of perhaps 2 or 3 
p g 

by incorporating heavy minerals such as barite or galena into the model material. 

The gravitational acceleration of course can not be controlled. A technique 

frequently used is to place the model in a centrifuge and simulate the prototype 

gravitational field by centrifugal force in the model. The centrifugal force 

can be controlled at will and the requirements of Eqs. 21 and 21 can be 

satisfied. 

Many of these problems can be eliminated by using a model material 

such as developed in the present study, and by reducing the stress scale factor. 

For example, consider the compacted plaster/sand material which was developed, 

with an unconfined strength q = 550 psi and a unit weight pg= J,875 gm/cc 
u 

= 117 pcf. Assume the prototype rock is a granite with a density of 160 pcf 
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and an unconfined strength of 25,000 psi. The scale factor for the product 

K K would be 117/160 = 0.73, and the stress scale factor would be 550/25,000 
p g 

= 0.022. Equation 20 then becomes 

= Eq. 22 

The 411 tunnel presently being considered would then model a 10' diameter 

tunnel through the granite, while a 33' diameter prototype would require a 

1211 diameter mode 1. 

In other words, gravitational body forces~ be accurately modeled 

with the present material without resorting to a heavy mineral aggregate or 

centrifuge loading. The gravitational body forces in the present modeling 

program are being disregarded as a "first approximation" solely for the sake 

of simplicity in the design of the loading apparatus and the testing procedures. 

It is strongly recommended that for future testing programs serious considera-

tion should be given to modeling the gravitational body forces. 

In a similar manner, with these low strength materials it may be 

possible to model the dynamic loading of underground openings. In such a case 

the significant body forces are the inertial forces due to the dynamic loading, 

rather than the gravitational forces. Instead of Eq. 20, the modeling require-

ment becomes 

= Eq. 23 

where a is the particle acceleratiai in the rock mass. Since acceleration has 

-2 the dimensions LT , we have the model law 

K a Eq. 24 
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where Kt is the scale factor between analogous times in the model and in the 

prototype. When Eq. 24 is 

K K 
2 

P L 
K 2 

t 

substituted into Eq. 23 we obtain 

= K a Eq. 25 

as the model Jaw defining the relationship between the 4 basic scale factors 

defining the model. Because the ability to vary KP and Kt is severaly restricted 

by technical difficulties and limitations, it is apparent that in general a 

reduced strength material is needed in a reduced scale model of dynamic 

phenomena. , 



B. Modeling Materials 

The study of modeling materials described previously has led to the 

conclusion that mixes sufficiently fluid to be poured into a mold will not have 

properties satisfactory for modeling the mechanical behavior of rock unless a 

high percentage of the mix water will combine chemically to form the matrix of 

the cured material, and unless the matrix material has a sufficiently high angle 

of internal friction. The authors know of no such materials. 

It was concluded and observed that satisfactory mechanical properties 

can be obtained by producing a structure of mineral grains which is sufficiently 

dense to give the desired angle of internal friction, and by including the 

amount of matrix material required to give the desired unconfined compression 

strength and cohesion. The plaster of Paris and sand material developed is 

considered satisfactory for modeling the behavior of rocks in general. 

Additional study is needed to determine how the material properties can be 

varied by varying the matrix material (different plasters and cements could be 

studied), the aggregate material (grain size distribution and angularity of sands, 

and the possible addition of some clay could be studied), the mix proportions, 

and the molding techniques. Additional study is also necessary to determine 

the variation of material properties with time and moisture content after the 

initial curing is completed. 

Impact compaction to produce the required material density was 

chosen as being most practical for the present study. For larger models this 

may prove difficult and inefficient. Large scale models of a jointed rock mass 

could be fabricated from individual bricks the size of the joint blocks. These 

could be mass produced in individual molds, and compacted possibly by vibration 

or by static compaction in a hydraulic press. Fumagalli (1967) mentions the 
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use of a hydraulic press in this manner, and Rosenblad (1967) has used a 

vibratory table for such a purpose. It should be noted, however, that the 

data available to the authors indicate that these investigators have not 

achieved as satisfactory behavior in their materials as has been observed in 

the materials described herein. Similar techniques were tried In the present 

Investigation, but with the equipment available the Impact compaction 

produced the highest densities. 

One thing worthy of note concerning modeling of a jointed rock mass 

is that Fumagalli (1967) describes various materials with which joint surfaces 

can be coated in order to vary at will the friction along the joints, thus 

simulating varying degrees of smoothness, decomposition, and filling along 

the joints. Personal communication with Dr. Fumagalli indicated, however, that 

these results were for low normal stress levels, well below 100 psi. 

The material present I¥ being us_e_d has_ an unconfined compres-s-ion 

strength of about 550 psi. Complete data are not available, but it is believed 

that the unconfined strength can be varied from a low of approximately 250 psi 

to as high as a few thousand psi while maintaining the same angle of internal 

friction by varying the percentage of plaster of Paris in the mix. The value 

of 250 psi probably represents as low a value as is practical because of the 

difficulties involved in handling such a low strength material. 
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C. Model Loading Apparatus 

Four major problems were encountered In the design of a loading 

apparatus to satisfy the design requirements: 

1) the magnitude of the loads applied, resulting from the size 

of the loaded area, 

2) the necessity of applying a uniformly distributed lateral 

pressure, even if uneven deformations develop, 

3) the very small allowable deformation In the longitudinal 

direction (ideally none), 

4) the development of large frictional forces over the loading 

faces. 

Some of these problems can be expected to be magnified in larger models, 

while others will not. If the teflon sheets prove adequate in reducing 

friction during the actual model tests, the same method of friction reduction 

could probably be used on larger models with very little alteration of tech

niques. On larger models, the absolute magnitude of allowable longitudinal 

deformations would not be so small, but relative to the total magnitude of 

the forces and the size of the apparatus the problems in keeping deformations 

within tolerable limits will be just as difficult. 

The magnitude of the reactions needed will increase as the square of 

the linear dimension, hence they can grow quite large on large models. Two 

basic concepts observed in the design of the present reaction frame should 

have application to a model loading frame of any size if it is a self

contained system: 

1) reactions should be symmetrically supported with loads being 

carried as much as possible in direct tension or compression, 

rather than by moments in beams, and 
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2) the reactions in each direction should be supported independent 

of those in the other directions. 

Following these concepts should reduce the amount of material required for the 

reaction frame and keep deformations to a minimum. 

It is felt that the application of uniformly distributed lateral 

loads of the magnitude considered may best be accomplished by a mechanical 

system. Such a system has the advantages of being reliable (no worry about 

weaks or punctured membranes), adaptable to different tests and configurations, 

and able to give the required deformations. A lateral loading system of 

hydraulic flat jacks at first appears attractive, but to the author's knowl- ' 

edge, rectangular metal flat jacks with the required pressure and deformation 

capabilities are not standard items. Some sort of rubber bag may be capable 

of giving the desired results and is worthy of consideration in future work. 

In the design of future model loading devices, consideration should 

be given to the possibility of orienting the model with the tunnel axis 

horizontal so that body forces may be simulated in the model. In such an 

apparatus it would be desirable to apply a load distribution approximating 

that shown in Fig. 1. 

It is anticipated that it will be possible to make more definite 

recommendations concerning the model loading apparatus at the conclusion 

of the model testing program. 
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D. Lnstrumentation of the Model 

Data available to date from cylinders tested triaxia11y with the 

internal SR4 gages suggests they wi 11 work quite satisfactorily. The technique 

for installing these gages is adapted to the requirement that the model must 

be made of compacted material, hence the gage must be placed after. curing 

rather than having the material poured around the gage. This method of 

installing the internal gages is quite simple and should be easily adapted 

to instrumentation of larger models fabricated from individual joint blocks. 

In jointed rock masses It would be expected that stresses might vary 

erratically from joint block to joint block, hence the radial extensometers 

may prove more valuable in measuring the behavior of a tunnel in a jointed 

mass. In the small models, the size of the radial extensometers will 

seriously restrict their use, but in larger models this should be much 

less of a problem, and the behavior of the tunnel could be monitored by 

miniature multiple position borehole extensometers. Herein lies a major 

advantage of larger models. 
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Figure 27 Compaction of Dry Plaster of Paris and Fine Wabash 
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Figure 64 Crash Pattern from Brittle Coating Test No. 1 

Figure 65 Crash Pattern from Brittle Coating Test No. 2 
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Figure 61) Crash Pattern from Brittle Coating Test No. 3 
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Figure 74 Sketch of End Connection 
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Figure 82a 

Figure 82b 

Figure 82 Eye Level Views of Loading Apparatus 
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Figure 83 Birds-Eye View of Loading Apparatus 
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Figure 85a Lateral Loading Elements 

Figure 85b Closeup of Above 
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Figure 87a 

Figure 87b 

Figure 87 Lateral End Reactions in crv Direction 
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Figure 91 Bottom Longitudinal Reaction Head and 
Concrete Pedestal 

Figure 92 Top Longitudinal Reaction and Jacks 
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Figure 98 Pressure' Console for Driving 
Lateral Hydraulic Rams 
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11. ABITA.ACT Model laws governing the desi~n of ~eamechanical model studies of undere;!'Ound 
openings in rock subjected to static loads are developed using dimensional analysis and 
the theory of models. The significant variables influencing the prototype which are 
considered in this study are free-field stresses, intact rock properties, rock mass 
discontinuity properties, and the opening geometry. Body forces are considered in-
significant as a first approximation. The prototype chosen for study is a short sec-
tion of a long circular tunnel which is underground at a depth of more than 4 tunnel 
diameters. The development of a modeling material which successfully models the in-
tact properties of rock is described. It was found that modeling materials described 
in the literature by previous investigators were not satisfactory because they lacked 
a sufficiently high angle of internal friction. Satisfactory frictional strength in 
the materials was achieved by developing mixtures of sand and plaster of Paris with 
a dense packing of sand grains. The size of the model tested is 24" x 24" x 8". The 
design and development of a loading apparatus which allows independent control of the 
3 principal stresses on the block is described. Uniformly distributed loads of 96 
tons are applied to the 24" x 8" faces of the model. To maintain a plane strain con-
dition in the model, loads of up to 144 tons are applied to the 24" x 24" faces to 
null strains parallel to the 8" dimension. Friction along the loading faces is con-
trolled with sheets of teflon. Friction losses are reduced to the order of lCl'/o or 
less of the applied loads. The development of an instrumentation system for the model 
is described. Of particular interest is the development of techniques for imbedding 
electrical resistance strain gages within the model material to measure radial 
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and circumferential strains at points within the model around the tunnel. Some 
tentative observations are made concerning the feasibility of utilizing relatively 
large scale models to study the behavior of underground openings. 
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