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ABSTRACT

Four series of cyclic direct-shear experiments were conducted on several replicas

of three natural fractures and a tensile fracture of welded tuff from Yucca

Mountain. The objective of these tests was to examine the effect of cyclic loading

on joint shear behavior under different boundary conditions. The shear tests were

performed under either different levels of constant normal load ranging between 0.6

and 25.6 kips (2.7 and 113.9 kN) or constant normal stiffness ranging between 14.8

and 187.5 kips/in (25.9 and 328.1 kN/cm) . Each test in the two categories

consisted of five cycles of forward and reverse shear. Normal compression tests

were also performed both before and after each shear experiment to measure changes

in joint normal deformability. In order to quantify fracture surface damage during

shear, fracture-surface fractal dimensions were obtained from measurements before

and after shear.
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I. INTRODUCTION

The response of a rough joint to shear loading depends on its

surface properties as well as the boundary conditions that are

applied across its surfaces by the surrounding rock mass. These

boundary conditions can exist in multiple forms and vary between

constant normal load (stress), as in the case of slope stability

problems, to variable or constant normal stiffness, as in the

vicinity of underground excavations. The normal stiffness applied

across joint surfaces is defined as the ratio between increments in

normal load and increments in normal displacement. It varies

between zero for constant normal load conditions and infinity for

constant normal displacement conditions. In general, joint shear

strength under constant or variable normal stiffness is higher than

joint shear st1._ngth under constant normal load (stress). The main

reasons for the Increase in shear strength are that under constant

or variable normal stiffness boundary conditions, joint dilatancy

created by joint surface roughness is inhibited and joint normal

load (stress) increases as shear takes place. The effect of normal

stiffness boundary conditions on the shear behavior of rock joints

has been investigated eitl'er theoretically or experimentally by

Goodman (1976), Obert et al. (1976), Leichnitz (1985), Goodman and

Boyle (1985), Hutson (1987) and more recently, by Archambault et

al. (1990), Bandis (1990), Benmokrane et al. (1991), Ohnishi and

Dharmaratne (1990) and Skinas et al. (1990).

In two recent publications, Saeb (1989) and Amadei and Saeb (1990)

proposed mathematical and graphical methods to predict the behavior

of a rock joint under any normal stiffness boundary condition from

the results of conventional constant normal load (or stress) direct

shear experiments. An experimental research program was initiated

to verify those methods using data collected on several fractures

of welded tuff from Yucca Mountain in Nevada. This report presents

the results of cyclic direct shear and normal compression tests

conducted on replicas of three natural fractures and a tensile

fracture in welded tuff. The direct shear experiments were

1
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performed under constant normal loads ranging between 0.6 and 25.6

kips (2.7 and 113.9 kN) and constant normal stiffnesses ranging

between 14.8 and 187.5 kips/in (25.9 and 328.1 kN/cm) with

different initial normal loads. Each test consisted of five cycles

of forward and reverse shear motion. The effect of cyclic loading

on the fracture behavior was investigated. In particular, special

attention was placed on relating the degradation of fracture

surface asperities to the number of cycles. Surface damage was

assessed by comparing the values of fractal dimensions determined

from profiles on the fracture surfaces before shear (one set of

profiles per fracture) and after shear (on all fracture replicas).

For each fracture, only one normal compression test was conducted

before shear. Normal compression tests were also conducted after

shear on all fracture replicas to assess changes in joint normal

deformability, i

2. EXPERIMENTAL WORK

2.1 Specimen Preparation

Four rectangular joint samples of welded tuff from Yucca Mountain

and Rainier Mesa were investigated in this study:

a. A natural joint sample from the G Tunnel (from Rainier

Mesa). The size of the sample was approximately 4.0 in x

8.0 in (10.2 cm x 20.3 cm). In this report, this sample is
referred to as G2.

b. An artificially created joint sample of Topopah Spring

Member from the Fran Ridge East Lower Test Pit (FRELTP),
east of Yucca Mountain, identified as FRELTP - 0 m - 3 m -

41 - SNL/CSM - A 2. The joint was created by tensile

splitting of a welded tuff block. The size of the sample

was approximately 3.0 in x 6.0 in (7.6 cm x 15.2 cm ). This

sample is referred to as F2.

' In this report the terms "joint" and "fracture" are used interchangeably.

2 Identification number provided by Sandia National Laboratories.
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c. A natural joint sample from FRELTP with identification
number FRELTP - 0 m - 3 m - 35 - SNL/CSM - A 2. The size
of the sample was approximately 3.0 in x 6.0 in (7.6 cmx
15.2 cm). This sample is referred to as F3.

d. A natural joint sample from FRELTP with identification
number FRELTP - 0 m - 3 m - 35 - SNL/CSM - B 2. The size
of the sample was approximately 3.0 in x 6.0 in (7.6 cm x
15.2 cm). This sample is referred to as F4.

All four joints originated from several blocks of welded tuff

provided by Sandia National Laboratories. The blocks were large

and irregular in shape. To obtain the natural joint sample and

create a regular external configuration with the size mentioned

above, the big blocks were cut using a diamond bit masonry saw.

The mean plane of the joint coincided with the center plane of the

block.

In order to perform several shear tests on fracture surfaces with

duplicated initial roughness, replicas of the four joint surfaces

were made using gypsum cement (Ultracal 30, produced by United

States Gypsum, Chicago, Illinois). Two steps were followed in

making the replicas. First, the negative images of the joint

surfaces (top and bottom) were created by pouring silicon rubber

(Silastic E RTV, produced by Dow Coming Corporation, Midland,

Michigan) on the surfaces of the original joints. After 48 hours

of hardening, the half-inch-thick negative images were strong

enough to be used as negative molds for the joint replicas. Then,

twelve to fifteen joint replicas were reproduced using a water-to-

gypsum cement ratio of 20%. With this mixture, the unconfined

compressive strength of the gypsum cement was measured as

approximately 4,000 psi (27.6 MPa).

The bottom portion of each joint replica was placed at the center

of the lower shear box specimen holder. Spacers were placed at the

bottom of the sample in order to keep the mean joint surfaces

horizontal. The mean joint surfaces were adjusted to a horizontal

plane by using the air bubble of a 2.0 in x 8.0 in (5.1 cm x 20.3

cm) level placed longitudinally across the joint surfaces.



A gypsum cement mixture was then poured into the lower specimen

holder to maintain the replica in place. Following hardening of

the gypsum cement, the top part of each joint replica was placed

and kept in a mated position above the corresponding bottom part.

Then, the assembly consisting of the top and bottom parts of the

joint replica and the bottom specimen holder were turned over and

placed at the center of the top specimen holdel. The upper and

lower specimen holders were positioned in a manner that ensured

initially parallel alignment. The top part of the joint replica

was held in place using gypsum cement.

Bevelled miniature berms or embankments made of gypsum cement were

placed along the periphery and up to the surfaces of samples F3 and

F4 in order to prevent their edges from breaking off during shear,

especially under high normal loads. This helped in keeping most of

the test specimen edges intact during shear. For the G2 and F2

samples no slope embankments were constructed. Orange enamel paint

was lightly sprayed on the joint surfaces in order to observe

surface damage occurring during shear. This paint created a very

thin, brittle and easily removed film, which was abraded very

easily during shear. The effect of this paint on friction, if any,

was considered insignificant. The joint surfaces were then ready

for the following test sequence: profilometer recording before

shear (one set of profiles for each joint), normal compression

before shear (one test for each joint), cyclic shear, normal

compression after shear, and profilometer recording after shear.

2.2 Direct Shear Tests

Direct shear tests were conducted according to Experimental Plan

(EP) # 44 using the direct shear machine available in the

Department of Civil, Environmental, and Architectural Engineering

at the University of Colorado at Boulder. For each direct shear

test, seven steps were followed:



- identification of each joint specimen,

- placement of joint specimen with the specimen holders on the

platens of the direct shear machine,

- application of initial normal load across the joint

surfaces,

- cyclic normal compression,

- shearing with five cycles,

- cyclic normal compression, and

- measurement of joint surface area sheared and weight of

gouge generated during cyclic shear.

2.2.1 Direct Shear Apparatus

The direct shear experiments were conducted using a servo-

controlled direct shear apparatus. Figures 1 and 2 show the

different components of the apparatus including two independent

Minnesota Testing System (MTS) actuators (used to transmit normal

and shear loads), reaction frames, loading fixtures, and shear box

specimen holders. The MTS actuators used to apply normal and shear

loads have a capacity of 165 kips (734 kN) and 35 kips (156 kN),

respectively, and can be operated independently in load or

displacement control modes. The actuators are equipped with load

cells to measure applied forces and have internal LVDTs for

monitoring displacement (stroke). Both actuators are powered by

independent, closed-loop continuous flow systems powered by a 20

gpm (76 ipm) generator pump. For cyclic shearing, a function

generator provides a sinusoidal reference voltage to the shear load

actuator in the displacement control mode. The sinusoidal

reference voltage was chosen to avoid a sudden change of shear rate

at the maximum shear displacement. Although this sinusoidal

reference voltage caused the shear rate to be variable, the shear

load response does not show significant difference as explained by

Gould (1982). A detailed description of the apparatus and its

performance characteristics is given by Gould (1982).
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2.2.2 Instrumentation

The applied loads were measured using the MTS actuator load cells;

a 220 kips cell (978 kN, MTS 661.31A-02) mounted on the normal

actuator and a 35 kips cell (157 kN, MTS 661.23A-09) mounted on the

shear actuator. The range or amplification for the normal load

cell was changed between times-one (100% of capacity) and times-ten

(10% of capacity) depending on the test condition. The shear load

cell was always operated in a times-one (100% of capacity) mode.

Since the actuators' internal LVDTs were not sensitive enough and

were located too far away from the test specimens to monitor

displacements accurately, two external horizontal LVDTs (Schaevitz

i000 HRDC) shown in Figure 3 were used to monitor the relative

shear displacements. They had a 1.0 in (2.54 cm) maximum stroke

and were of the DC type. Aluminum rods (0.i in, 2.4 mm dia.) were

cemented into the top and bottom parts of each specimen using heavy

duty epoxy. Collars were used to connect the rods to the tips of

the LVDTs in order to provide a solid mechanical connection during

shear direction reversal. The two LVDTs were supported by an

unstressed external stand placed on the structural test floor.

In addition, three external vertical LVDTs were used to monitor the

normal joint displacement (Figure 4). Two of those LVDTs were

Schaevitz I000 HRDC with a 1.0 in (2.5 cm) maximum stroke. The

third LVDT was a Schaevitz 500 HRDC with 0.5 in (1.3 cm) maximum

stroke. The normal displacement LVDTs were mounted on holder

assemblies made of heavy steel bars, which were attached to

supports that were firmly bolted to the thick steel base plate of

the direct shear apparatus.

For the real time control tests (i.e., constant stiffness tests),

a more precise Schaevitz 200 HR LVDT (AC type), with a 0.2 in (5

mm) maximum stroke, was also used to monitor the normal

displacement of the joints. A special holder was constructed that

allowed that particular LVDT to be placed between the hydraulic
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Figure 3. Shear displacement monitoring LVDTs.
(I) Schaevitz I000 HRDC LVDT.

(2) LVDT holder.

Reverse Forward

Figure 4. Normal displacement monitoring LVDTs.
(i) Schaevitz I000 HRDC LVDT.

(2) Schaevitz 500 HRDC LVDT.

13) LVDT holder.



cylinder and the load cell of the vertical actuator as shown in

Figure 5. An initial load had to be applied across the joint

surfaces before that LVDT was adjusted into zero position in order

to prevent it from going out of range.

2.2.3 Test Control for Normal Stiffness Test

For the joints sheared under constant normal stiffness, their

dilatancy caused an additional normal load proportional to the

applied stiffness. Direct shear tests under constant normal

stiffness were performed following a procedure similar to the

constant normal load shear tests with an additional computer system

appended to the existing system. The dilatancy monitored by the

Schaevitz 200 HR LVDT (AC type) was converted to digital data and

manipulated by a computer program to maintain the value of applied

stiffness to a predetermined value. As dilatancy occurred, the

additional normal load due to stiffness was reconverted to an

analog signal, and these additional voltages were added to the

existing load applied by the MTS system. Details of the real time

control tests have been described by Hutson (1987).

2.2.4 Data Acquisition System

An IBM-XT personal computer with a Tecmar board A/D (analog to

digital) converter was used for data collection. Various voltage

ranges are software selectable. The MTS system works on a +/- i0

v circuit. Since the load cell readings were being supplied by

this system, all channels were set for a +/- I0 v range. A data

acquisition computer program written in Turbo Pascal provided

adequate speed, along with good organization and readability.

2.2.5 Testing

The upper half of each joint sample with the specimen holder was

attached to the shear machine first. The upper platen was raised

to its full height under displacement control and low hydraulic

i0



Figure 5. Normal displacement control LVDT for normal
constant stiffness test.
(i) Normal load cell.
(2) Schaevitz 200 HR LVDT.
(3) LVDT holder.

Ii



pressure. The upper half of t:he sample was tIleii ]tlS_'I't_d,

supported by a padded block, and the tipper p]atell was l c)w,,i_;d a_lct

secured with 13 cap s'.crews. The ]<)wer tlal. f oI_ the jo]_lt s_,_:_cimell

was then inserted and bolted into tile lower p]ate_l wittl ttle same

number of cap screws. The two spec.imell tlolders were bt'(_t_ght izlt:¢,

contact and the Ilor'mal actuator was shifted into toad colltt'()l. A

small normal load of 0.2 kips was applied to keep the two specimell

halves iil contact alld to remove ally mechall]{°.al slac'.k. '1't1,:_ data

acquisitioxl program, which displayed the ctlallllel voltaqt:, _t_tl}t_t,

• D ra r[ .,was started Each hV I was pos tioned a_d adjusted s¢) that its

voltage ot_tput: was i_ the appropt'iat_ ravage to pr'eve_t (j(]llll ()ill

scale. Hydraulic pressure was turboed to high _)F[gN_/ll'[ia all(] t}l_:i?

appropriate normal load was applied. The I!unctio_ c:je;-_t_,vat(_- ,_:t

the test control computer were started.

Two series ot direct shear tests were (_'a_:ried _)t_t: ()_ tt,_, j(_i_,t

replicas. The experlme_t schedule is sununa_iz_d i_ Idbles 1

through 4. Each expot'itllellt ill the t iI'st series wtls (:!()Ildtl('t t:_ct ;it

d i f f erellt coiIst dllt llOrIila ] ] oad ]evel S l?all[l i I1(] bet wet_ll 0.6 dll('_ 2 !). 6

kips (2.7 and 11_.9 kN) . These levels correspo_ded t:(_ i_jt ial

stress levels of 40, 200, 400, and 800 psi (0 .2, 0 .9 , 1 .8 , a_M _ .6

MPa) for the G2, F2, F3, aIld F4 samples. For t|lo F4 s,_mp]e, _| i(:_st

with a 10.8 kips (48.0 kN) initial llorma] load c()r'respo_Idi_Ig t:()a

600 ps:i (2.7 MPa) initial llorma] stress was also ('_()_Idu_'led. 'l'l,e

second series of direct shear" tests was co,lducted at dil I_t'e_t

( 'levels of J_lit: ia] _orma] load rall!llllCl bet:wee_l 1. i{ a_d 7.5 kips (5.7

arid 33.4 kN) ; constailt ilot'mal stJftrless t'a_lg(:,d betwc_e_ 14.8 a_ld

'If C187.5 kips/in (25.9 and o_28. I kN/c 1) . Ea h di:l:,..c,! stl_i_r" t_st

consisted of five CoIItiIlUOUS ]()adillq (' ' 'coy( Ies wi, t |l t!t S [ IIIISC]I tal

pattern, a fro quency of 2.8X10 4 tlz a_ld an amplitude ot 1.6 i_l (4.]

cm) for test: series G2, and a frequenc__ .y of _.7x]04 llz a_M ,_I_

amplitude of 1.2 ill (3.1 cm) [of test series F2, F3, all(t F4. 'l'tie

nominal shear displacement: rate was 0.05 in/rain (().]i_ ('lu/nlill).
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Table 1

Experiment schedule for G2 specimens.

Sample Normal Init. Normal Const.

Load Stress Stiffness

(kips) (psi) * (kips/in)
_ ,,,r,. . ,_ : ,,,,,, ,,, ,, ....... ,, L i J ,,,,r,,nr, , ,, ' " " ,__,,,,,,,,,,,, I I . ,

RIG2 I. 3 40 0

R4G2 6,4 200 0

R2G2 12 .8 400 0

R3G2 25.6 800 0,

KR5G2 i. 3 40 32

KR6G2 6.4 200 64
::: i UL.J,,, . ; .............. - -t .... J_,,± _...................... _ _..................

• Area = 32.00 in 2

Table 2

Experiment schedule for F2 specimens.

Sample Normal Init. Normal Const.

Load S tress Sti ffness

(kips) (psi) * (kips/in)

R5F2 0.6 40 0

R2F2 3.0 200 0

R3F2 5,9 400 0

R4F2 i!. 8 800 0

KR6F2 3 .0 200 14 .8

KR7F2 3 .0 200 44.3

KR8F2 3 .0 200 147.8
:: r..... ,,,, ',,'' ,,_!,' ,,, " _ .. ,,_,,, ,JL,I U ,, .'"' I'_,,.'Jr,',I_",",,,,,,.....

• Area = 14.77 in2
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Table 3

Experiment schedule for F3 specimens.

Iii i I I! '! 'I r" i............ --- .........

Sample Normal Load Init, Normal Const. Stiffness

(kips) Stress (psi)* (kipsin)

RIF3 0,8 40 0

R6F3 3,8 200 0

R4F3 7.5 400 0

RSF3 15,0 800 0
: L .........................

KRTF3 3 .8 200 18 .8

KRSF3 3 .8 200 56 .3

KR9F3 3 ,8 200 187 .5

KR10F3 7 .5 400 56 ,3

KRllF3 7 .5 400 187 ,5
...... i' mrTm r , hi] in , ......... It I Ill !lP!l(FIt Pl ' --

* Area - 18,75 in 2

Table 4

Experiment schedule for F4 specimens.

i i r ,,,, , ,,, , ]' 11 _- I I 'III"I , ,,,,uL ,, 11111111

Sample Normal Load Init, Normal Const. Stiffness

(kips) Stress (psi)* (kips/in)
........................... , i, ,

RIF4 0.7 40 0

RRF4 3.6 200 0

R3F4 7.2 400 0

R4F4 I0,8 600 0

RSF4 14.4 800 0

R6F4 10,8 600 0

R8F4 10.8 600 0

RI3F4 3 .6 200 0

KRTF4 3 ,6 200 18 .0

KR9F4 3.6 200 54.0

KR10F4 3 .6 200 179 .9

KRllF4 7 ,2 400 54 .0

KR12F4 7 ,2 400 179 .9

* Area = 18.0 in_
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Note that in Table 4:

R6F4 and ReF4 are repetitions of R4F4; a shear test under

constant normal load of 10.8 kips (48.0 kN). This was done

to observe the reproducibility of the testing procedure

and the sensltivity of the sheal - apparatus.

- RI3F4 is a repetition of R2F4; a shear test under constant

normal load of 3.6 kips (16.0 kN). However, shearing was

started in the opposite direction.

2.3 Normal Compromaion Temtm

As mentioned earlier, before and after shear, Joint surfaces were

subjected to five cycles of normal loading and unloading to

characterize their normal stress versus normal displacement

response. The tests were conducted using the normal load actuator

of the direct shear machine. The maximum normal stress applied

during the first cycle was I00 psi (0.7 MPa). This was followed by

four cycles with maximum normal stresses of 200, 400, 800, and I000

psi (1.4, 2.8, 5.5, and 6.9 MPa). The loading rate was i00 psl/min

(0.7 MPa/min). Normal load and normal displacement were measured

using the normal load actuator's load cell and the three external

vertical HRDC LVDTs, respectively. For each normal compression

test, three steps were followed:

identification of each joint specimen,

application of a small initial normal load,

normal loading and unloading with five cycles.

Before the shear experiments were conducted, a normal compression

test was performed on one replica of each joint in order to

determine its initial normal deformability. After shear, normal

compression tests were conducted on all replicas.

15



2.4 Profilometer Tests

Surface roughness affects all aspects of mechanical properties of

rock joints. Depending on the boundary conditions across the joint

surfaces, shear through the joint surface asperities or overriding

of the asperities can take place. Joint surface roughness also

affects joint diiatancy. If the dilatancy is completely or

partially suppressed due to the controlled boundary conditions,

then normal stresses further increase during shear and the joint

has a higher shear strength than if the Joint is free to dilate.

Measurement of Joint surface roughness prior to and after shearing

can be useful in assessing Joint surface damage and its relation to

joint shear strength.

Joint surface roughness profiling was carried out using a

mechanical profilometer (Figures 6 and 7). All profilometer tests

were conducted according to Experimental Plan (EP) # 45. Detailed

description of the equipment can be found in Farrington (1983) and

Gamal-Eldin (1989). Basically, the apparatus consists of a table

on which two systems of steel rods are installed. Am LVDT attached

to one set of rods can travel in a horizontal X-Y plane covering

the joint surface. The cone apex angle of the profilometer tip is

18 degrees, and the tip radius is about 0.002 in (0.05 mm). The

joint sample is placed on a levelling plate below the table. At

each selected X,Y point, the height of a point on the sample is

measured relative to a reference height with the LVDT.

Before and after the shear tests described in Section 2.2, the

bottom and top joint surfaces were profiled along four lines 1.0 in

(2.5 cm) apart for the G2 specimens and along four lines 0.8 in

(2.0 cm) apart for the F2, F3, and F4 specimens. The horizontal

distance between two consecutive sampling points was 0.01 inches

(0.3 mm). All X,Y,Z data were recorded by the same data acquisition

system used for the direct shear tests. Four steps were followed

in each profilometer test:

16



lille Pl,lte

.........

Figure 6. Mechanical profilometer (Schematic overhead view).

(Farrington, 1983)

Figure 7. Mechanical profilometer (Schematic side view).

(Farrington, 1983)
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- identification of each joint specimen,

- placement of joint specimen on levelling plate under

profilometer table,

- alignment of X and Y axes on joint surface,

- measurement of surface roughness.

The profiles are called Xl, X2, X3, and X4, with Xl and X4 being

the closest to the side edges of the test specimens. Before the

shear tests, one profilometer test was carried out on both surfaces

of one replica of each joint. After shear, profilometer tests were

performed on all replica surfaces.

2.5 Sheared Area and Gouge Amount Measurement

After five cycles of shear, some of the orange enamel paint on the

joint replica surfaces vanished due _r, the asperity shear and

associated abrasion. The affected area on the joint surfaces was

traced on transparent paper and the area was measured with a

planimeter.

The loose gouge created during shear was collected in a lightweight

paper container at the end of the normal compression test after

shear and weighed. The amount of gouge that was compacted on and

adhered to the joint surfaces was not measured.

3. TEST RESULTS

3.1 Direct Shear Test Results

All direct shear test results are presented in the form of shear

load vs. shear displacement response curves, and normal

displacement (dilatancy) versus shear displacement curves. From

these curves, the following data were collected:

18



- peak and residual shear loads for forward and reverse

shear in each cycle,

- initial shear stiffness for the forward part of the first

cycle calculated with data between 25% and 75% of the peak

shear load,

- slope of the dilatancy curve for forward and reverse shear

in each cycle measured between 0.i and 0.4 in (0.3 and

1.0 cm) of shear displacement.

Figures 8 through ii and Tables 5 through 9 show typical response

curves and test data for some of the F4 test specimens. Figures 8a

and 8b show the shear load versus shear displacement and dilatancy

versus shear displacement curves, respectively, for specimen R2F4

tested under a constant normal load of 3.6 kips (16.0 kN). The

peak and residual shear loads in both forward and reverse shear

directions decrease as the number of shear cycles increases, but

approach a steady state level (Figure 8a). Joint dilatancy

decreases gradually in both shear directions as the number of

cycles increases (Figure 8b), also approaching steady state

behavior. Figures 9a and 9b show an example of response curves for

specimen KRIOF4 tested under a constant normal stiffness of 179.9

kips/in (314.8 kN/cm) with an initial normal load of 3.6 kips (16.0

kN). Figure 9a shows that under constant normal stiffness, there is

no specific peak and residual shear loads as displayed in Figure

8a. Instead, a hardening form of behavior can be observed.

The first cycle, forward shear load - shear displacement response

curves for all F4 test specimens are summarized in Figure 10a. The

corresponding dilatancy curves are shown in Figure 10b. Specimen

R2F4 was tested under a constant normal load of 3.6 kips (16.0 kN)

(or zero normal stiffness). Specimens KR7F4, KR9F4, and KRIOF4,

were tested under constant normal stiffnesses of 18.0, 54.0, and

179.9 kips/in (31.5, 94.5, and 314.8 kN/cm) respectively, with the

same initial normal load as R2F4, carry larger shear loads than

R2F4 and experience less dilatancy.
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Figure 8. (a) Shear load vs. shear displacement, (b) Dilatancy vs.
shear displacement. Specimen R2F4, constant normal load No = 3.6
kips (16.0 kN) .

2O



"(NM 0"9I)
sdTM 9"E = _ P_oI I_UZXOU I_T_TuT pu_ (mS/NM 8"_IE) uT/sdTM 6"6LI
= _ ssau_gT_s T_U_OU _u_suo_ '_HOIN_ ua_T_ads "_uawas_IdsTp a_aqs
'SA ADu_IT G (q) '_uamg_IdsTp a_aqs "sa p_oI x_aqS (_) "6 aanBTs

q

(NI)J2_H_HDWqHSIG NVHHS
g'O 9"0 ¢'0 8'0 0"0- _'0- ¢'0- 9'0- g'O-

"' ' ' ' '" " ' ...... ' ' -_0'0-

-80'0-

-o

-_0"0 _

: -t70"0 ,<
I I

II,,W

Z
-90'0 "-"

(I_IVA_IO:I 3S_3AHt_!
-gO'O

• I.'0
I

(NI) J.2q_IIAI_IDV"IdSIU_IV_IHS

g'o g;o Ko _:o o'o- _'o- _'o- go- _'o_
...... :,":' ' ' '.... l-'g"

...°..,°° °°. °..,. °,.°,. ° °.° ° ,.. °,..,°,...°° .°. o°, °,° °. °....°.,.°.°°...,. ° ......,,.....,.°.., °°...° °.. °.° °..,,° ..... °.,.. ,...., °.,°°..... ....... ,,i 0 _

_d

-_, _

' i
t

..... i , , -9



5- i

12-

,_, ___...'y._ ..........................--, .,L._,.K,Ps,K,_,_K.S.N
9":.......;":::"_'.,,.<:-':::2_.__-_J.__ NL.7.:K,PS.K.,4.0KIPS_N,'"'" """ ..................... "..... _ N.L.= 1(}.8KIPSC'3

= e- ../............-............."..........

= ===========================............... N.L.=L(_ KIPS, K=IX.O KIPS/IN

, 3-
: _ ...... ---. NL.=L6 KIPS

N.L =(I.7 KIPS

0 ,,,, ,,, , i ,,,,,, ,, ,,,.t , ........ - --In,.,.... 0'.i 012 ' '............ " '_ '. 0.3 0.4 0.5 0.6 0.7 0.8
SHEAR DISPLACEMENT (IN)

a

0.1

0.08.[ NL=,,7K,PS
'_-fN,L.,,. 3._ KIPS

Z 0,06- / ......[.,_I,L,N,L,=7.2:_I.(_KIPS,KIPsK,=54.UKIPS/IN
N.L=7.2 KIPS, K=54.0 KIPS/IN

_. N.L.=3.6 KIPS, K=t79.9 KIPS/IN

0.04' "- NL-I,,,KIPS
_'_ N,L,=7,2 KIPS, K=179,9 KIPS/IN

N.L=I4.4 KIPS
[-" 0.02-

_ O" "'"'°° ..... """ ........... " ..... "" ......... "° ........ ' ...... °''"°°'°'°°°"'°'"'*°°'"°"°°" "" °"*°°"'"°°'°°"

"0.021

" ' O0 0'.1 0.2 0.3 0'.4 0.70.5 0.6 0.8
SHEAR DISPLACEMENT (IN)

b
Figure i0. (a) Shear load vs. shear displacement, (b) Dilatancy vs.
shear displacement. First cycle forward shear of F4 samples. Solid
lines for constant normal load tests and dashed lines for constant

stiffness tests under initial normal loads No = 3.6 kips (16.0 kN)
and No = 7 2 kips (32.0 kN).
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Figure II shows the paths followed by the F4 specimens tested under

constant normal stiffness in a shear load/normal load space for the

forward and reverse parts of the first shear load cycle only. In

this figure, the peak and residual shear failure envelopes

determined from the constant normal load shear tests are also shown

for comparison.

Table 5 gives the values of the peak and residual shear loads and

the shear stiffness for the F4 samples tested under constant normal

load, for forward shear only. Table 6 shows the data for the

samples tested under constant normal stiffness. For those samples

tested under constant normal stiffness and showing hardening, the

peak and residual shear loads are replaced by the shear loads at

0.4 in (I.0 cm) of shear displacement. Tables 7 and 8 give the

slopes (tan i) of the corresponding dilatancy curves for forward

i and reverse shear.
!

The shear load versus shear displacement curves and normal

displ_uement (dilatancy) versus shear displacement response curves

for all test specimens can be found in Appendix AI. In Appendix

A2, these response curves have been combined for the forward and

reverse parts of each cycle. The values of peak and residual shear

loads for the forward and reverse part of each cycle and the values

of shear stiffness for the forward part of the first cycle are

tabulated in Appendix A3. Note that for the samples tested under

constant normal stiffness that showed hardening during shear, the

peak and residual shear loads in Appendix A3 are replaced by the

shear loads at 0.4 in (i.0 cm) of shear displacement. Values for

the slopes of the dilatancy curves are reported in Appendix A4 for

the forward and reverse part of each shear cycle. Finally, the

paths followed by the test specimens tested under constant normal

stiffness in the shear load/normal load space can be found in

Appendix A5 for the forward and reverse part of each cycle.

Surface damage occurring during shear was quantified at the end of

each shear test by measuring joint surface sheared areas and by
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Figure II. (a) Shear load vs. normal load, first cycle forward

shear load path. (b) Shear load vs. normal load, first cycle
reverse shear load path. Load paths for constant normal stiffness

tests in shear load vs. normal load (T,N) space of F4 samples. The
peak and residual envelopes determined from the constant normal
load tests are also shown.
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Table 6

Peak and residual shear loads or shear loads at 0.4 in shear

displacement for F4 samples,

constant normal stiffness, forward direction.

Cycle Initial Constant Peak Residual Shear Load at

Nomnal Normal Shear Shear 0,4 in

Load Stiffness Load Load Shear Displ.

(kips) (kips /in) (kips) (kips) (kips)

IBt 3.6 18.0 4.5 3.4

Forward 3.6 54.0 4.6

3.6 179.9 6,6

7.2 54.0 9.4 7.3

7.2 179.9 9.1
.... l , ,r,,,,,,,!, 1111111111:[ I mlllllll ! l I ]ll I l II l __[ l l l I I I

2nd 3.6 18.0 3.1

Forward 3.6 54.0 3.9

3.6 179,9 4.9

7.2 54.0 6.6

7.2 179,9 7.2

,,,,,t,L. ,___ - i : _ ,, ,, ,,,,,, j, i , L ,,,,,,,__ - ,,, , ,,,, - ........

3rd 3.6 18.0 2.9

Forward 3.6 54.0 3.6

3.6 179.9 4.7

7.2 54.0 6.4

7.2 179.9 6.7

4th 3.6 18.0 2.9

Forward 3.6 54.0 3.5

3.6 1'19.9 4.5

7.2 54.0 6.4

7.2 179.9 6.5
_, _ _u , r, , | , :_ ,,,,| ,,,, ,,,, , ,,,,,,,, ,,, -_- _,, _ ,,, ,,, :

5th 3.8 18.0 2.8

Forward 3.8 54.0 3.4

3.8 179.9 4.3

7.5 54.0 6.3

7.5 179.9

iiii I I l:Ti II [ II iJI_. i i, ] ...... i,,i J K_L 3.3J_I I!
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Table 7

Slope of dilatancy curves (tan i) for F4 samples,

constant normal load tests.

_i _ ...... i!I .... _..... - 'I]]I " _ i_ ...... ......

Initial

Normal tan i tan i tan i tan i tan i

Load ist 2nd 3rd 4 th 5th

(kips) cycle cycle cycle cycle cycle
H,,,,,,, .... ..... ,,, ._,r.,,.........., _ ,,,,,, :-_ ,.......... ._ . -__ ___

Forward 0.7 0.14 0.12 0.12 0.Ii 0. Ii

Shear 3.6 0.14 0.13 0.13 0.13 0.13

7.2 0.11 0.11 0.10 0.09 0.09

10.8 0.10 0.10 0.09 0.09 0.08

14.4 0.08 0.07 0.07 0.07 0.06
I ,

Reverse 0.7 0.14 0.14 0.14 0.14 0.14

Shear 3.6 0.11 0.11 0.11 0.11 0.11

7.2 0.08 0.08 0.08 0.07 0.07

10.8 0.09 0.08 0.08 0.08 0.07

14.4 0.07 0.06 0.06 0.05 0.05

Table 8

Slope of dilatancy curves (tan i) for F4 samples,

constant normal stiffness tests.

'_h I _ i,_ .......... ' ' _'II'I II r[l II II u J i I Ill I _ L ,i i ll, ff I L_

Ini - Constant

tial Normal tan i tan i tan i tan i tan i

Normal St iff - ist 2nd 3rd 4th 5 th

Load heSS cycle cycl_ cycle cycle cycle

(kips) (kips/in)

For- 3.6 18.0 0.13 0.12 0.11 0.13 0.11

ward 3.6 54.0 0.13 0.12 0.11 0.11 0.11

Shear 3.6 179.9 0. i0 0.09 0.08 0.08 0.08

7.2 54.0 0.12 0.11 0.10 0.10 0.i0

7.2 179.9 0.08 0.08 0.08 0.07

Re- 3.6 18.0 0.11 0.11 0.11 0.10 0.10

verse 3.6 54.0 0. i0 0.10 0.09 0.09 0.09

Shear 3.6 179.9 0.08 0.09 0.08 0.08 0.08

7.2 54.0 0.08 0.09 0.08 0.08 0.08

7.2 179.9 0.06 0.06 0,06 0.06
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Table 9

Sheared area for F4 sample_ (bottom half) and

amount of gouge generated in shear.

......... ...."I...... [_ --- .............. _.... _, _ __ ,,,,

Sample Sheared Sheared Gouge

Area Area (grams)

(sq.in) ( % )

RIF4 4 .5 25 2.4

R2F4 12.2 68 5.1

R3F4 14 .5 81 I0.4

R4F4 16.4 91 In. 5

R5F4 17.2 96 12 .8

R6F4 16.4 91 8 .7

! KR7F4 13 .2 73 5.1

R8F4 16 .1 89 12 .2

KR9F4 13.2 74 5.0

KRIOF4 13 .5 75 6.9

KRilF4 16.1 90 Ii .2

KRI2F4 15.3 85 I0.0

KRI3F4 12 .6 70 7.4

3.2 Normal Compression Test Results

The normal compression test results are presented in the form of

normal load versus normal displacement response curves. Typical

response curves for joint normal compression before and after shear

testing of sample RIF3 are shown in Figure 12. The test results

for all specimens can be found in Appendix BI. The actual joint

closure is determined from these response curves after subtracting

the deformation of the intact gypsum cement and the system from the

total measured normal displacement (as shown in Figure 13). The

intact gypsum cement behavior was obtained from a gypsum cement

block sample with the same size as the joint replica and also the

same height of potting cement.
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Figure 12. (a) Normal load vs. normal displacement before shear,
(b) Normal load vs. normal displacement after @hear testing under
constant normal load N0 = 0.8 kips (3.3 kN). Five cycles normal
compression of sample RIF3.
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Figure 13. Joint closure of specimen RSF3 after shear testing under

constant noz_al load NO - 15.0 kips (66.7 k/q).

The initial joint normal stiffness k., and maximum closure V. were

determined from the envelope to the five loading/unloading cycles

of the joint closure curves using the model of Bandis et al.

(1983). In this model, the normal stress a and Joint closure v are

related as follows

v -_,,iVmo = --------- (i)
v= - v

Both k_ and Vm can be determined by regression analysis of 1/_

versus I/v. As an example, Table 10 gives the values of initial

stiffness and maximum joint closure for all F3 samples. Values of

those two parameters for all samples can be found in Appendix B2.
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Table i0

Maximum closure and initial stiffness for samples F3.

i m

Sample Maximum Ini tial

Closure Normal

Vm Stiffness

( in ) _i

(ksi/in)

Before 0.2x10 _2 i. 9x10 2

Shear
,,,,,,_ , _ ,,,,L , f,D ,,, ,,,,, ,, ,I .... -_ ,, _- ............

After RIF3 0.9x10 "2 i. 3x102

Shear R6F3 I. 3x10 "2 I. 2x102

R4F3 0.2x10 "2 2.0xi02

R5F3 i. 2x10 2 1.2x102

KR7F3 3.2x10 "2 0.9x102

KR8F3 0.5x10 "2 i. 9x10 2

KR9F3 2.4x10 2 0.6x10 2

KRIOF3 2.4x10 "2 0.8x10 2

KRIIF3 2.5X10 2 0.8x10 2
J_ ................ -

3.3 Profilometer Test Results

As an example, two sets of two profiles are presented in Figures

14a and 14b. The first set corresponds to profile X2 which was

taken on the lower half of sample RIF4 before shear and on the

lower half of sample R3F4 after shear under a constant normal load

of 7.2 kips (32.0 kN)(Figure 14a). The second set of profiles

corresponds to profile X3 which was taken on the bottom half sample

RIF4 before shear and on the bottom half sample R3F4 after shear

under a constant normal load of 7.2 kips (32.0 kN) (Figure 14b).

The profiles before and after shear show minor differences in

micro- roughness. The macro- roughness (large undulation) remains

essentially the same. Randomly selected profiles are presented in

Appendix C1 for specimens G2, F2, F3, and F4.
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Figure 14. (a) Comparison of profiles X2 of bottom half specimen
RIF4 before shear and R3F4 after shear testing (offset - 0.2 in
(5.1 mm)), (b) Comparison of profiles X3 of bottom half specimen
RIF4 before and R3F4 after testing (offset -0.2 in (5.1 mm)).
Sample R3F4 was tested under constant normal load NO = 7.2 kips
(32.0 kN).
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From the profilometer test results, the roughness of the irregular

fracture surfaces was quantified mathematically using the theory of

fractal geometry developed by Mendel_rot (1983). An inherent

property of fractals is their ability to replicate patterns of an

object at different scales. A magnified portion of a fractal

object is statistically identical to the whole. The dimension of

an object in fractal geometry is defined by the quantity D such

that:

N = S D (2)

where

N = the number of sub-parts of each fractal unit,

S = scaling factor defined as i/r,

r = length of each sub-part relative to the initiator length,

and

D = fractal dimension.

Solving equation (2) for D gives:

D - log N
i (3)

log 7

The fractal dimension of an irregular profile can be calculated by

using the divider method (Brown, 1987). After measuring the

roughness along several profiles on a fracture surface, the fractal

dimension D can be obtained by first choosing different values for

the length r appearing in equation (3). Knowing the number of sub-

parts N for each value of r, the fractal dimension can be

determined by regression analysis of log N versus log i/r. Log N is

then multiplied by different multipliers while log i/r remains

constant. As the value of the multiplier increases, the value of

D converges toward the self-affine fractal dimension (Brown, 1987).
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Table Ii gives typical results of fractal dimension analysis for

one profile (F4X2) on the bottom half of the F4 samples. The other

fractal dimension tables are given in Appendix C2.

Table II

Fractal dimension for F4X2 bottom.

Ji .... i i i i ,,i i _,1,iirI II i I" i i i i i i iii i i i ,i , , i,,,,

Sample Normal Load Const. Fractal

(kips) Stiffness Dimension

(kips/in)
i, ,, i

Before

Shear I. 13

' I .....

After

Shear

RIF4 0.7 0 i. 12

R2F4 3.6 0 I. II

R3F4 7.2 0 i. ii

R4F4 i0 .8 0 I. Ii

R5F4 14 .4 0 1 .i0

R6F4 i0 .8 0 I. ii

R8F4 I0 .8 0 i. ii

RI3F4 3 .6 0 i. ii
, i

KR7F4 3 .6 18.0 i. ii

KR9F4 3 .6 54.0 i. Ii

KRIOF4 3 .6 179 .9 i. ii

KRIIF4 7.2 54.0 i. I0

KRI2F4 7.2 179 .9 i. 15

• i I
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4. DISCUSSION AND RECOMMENDATIONS

4.1 Observations During Testing

During testing, some situations were encountered either with the

testing procedure or with the testing apparatus. These issues,

which may indirectly affect the testing results, are discussed

below.

- Sample placemen t.

The procedure for sample preparation was discussed in detail in

section 2.1. Difficulties were encountered in trying to adjust the

mean joint surfaces to a horizontal plane. The adjustment was done

by hand and by visual inspection of the air bubble in a level

placed across the joint surfaces. Thus, positioning of the joint

surfaces at the beginning of each direct shear test may not have

been consistent for all samples. This could have influenced the

joint dilatancy responses. This problem can be improved by casting

the gypsum samples directly into the machine mounting fixture.

- Embankment around the specimens.

Sloped embankments made out of gypsum cement were placed along the

periphery of the F3 and F4 test specimens in order to alleviate

stress concentrations along the edges and to prevent the sample

edges from breaking off during shear. Such phenomena had been

observed for the G2 and F2 sample for which no embankments were

constructed. As the number of cycles of shear increased, surface

damage occurred gradually, as would be expected. Placing a gypsum

embankment around the test specimens had a positive influence on

the experimental results, especially under high initial normal

loads, the test result was more reliable from first through fifth

cycles.
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- Installation of the specimen on the upper and lower platens.

During the attachment of the specimens in the shear box holders to

the upper and lower platens of the direct shear machine, the upper

and lower shear box specimen holders sometimes moved in such a way

that joint surfaces were slightly unmated at the beginning of some

of the shear tests. Offsets of 0.02 - 0.06 in (0.5 - 1.5 mm) were

sometimes measured. This was reflected in some of the dilatancy

curves. This problem can be improved by having larger bolt holes

at the bottom steel mould, so that the position of the bottom

sample can be adjusted during installation when placing their

initially joints in the mated position.

- Direct shear apparatus.

During testing there was no external restriction in the direction

parallel to the joint surface and perpendicular to the shear

direction. Visual monitoring of two reference tape markings

indicated that the joint moved laterally by as much as 0.05 in (i

mm). This may indicate a slight anisotropy in the mechanical

response of the fracture to the applied loading condition.

- Disturbance in profilometer test results.

Four profiles were measured for every half part of each test

specimen; Xl, X2, X3, and X4. The two profiles (Xl and X4) located

the closest to the edges of the test specimens (0.3 - 0.5 in, 7.6 -

12.7 mm, from the edges) were sometimes partly sheared off. To

avoid discrepancies, especially in calculating the fractal

dimensions, it is recommended to consider only the two inner

profiles (X2 and X3).

4.2 Accuracy of Test Results

The observations discussed in section 4.1 may have led to some

errors in the test results. In order to assess the reproducibility
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of the testing procedure and the sensitivity of the shear

apparatus, three replicas of the F4 sample were tested under the

same conditions, e.g., cyclic shear test under a constant normal

load of 10.8 kips (48.0 kN). The results of the three tests are

tabulated in Table 12.

Table 12

Comparison of three test results under constant

normal load of 10.8 kips (48.0 kN).

1st 1st 1st 1st

cycle cycle cycle cycle

Peak Res - Max. Di la - Gouge Sheared Fract al

Sample Shear idual Dila - fancy Dimen-

Load Shear fancy Slope Area sion

(kips) Load (in) tan i (gram) X2

(kips) (%)
,, , ,,,, .................... _ ,, ,,,_ ,,. .......

R4F4 9 .8 7 .2 0.04 0,09 I0 .5 91 1.Ii

R6F4 11 .7 7 .5 0.05 0.10 8.7 91 1,11

R8F4 11 .3 7.2 0.05 0 .12 12.2 89 1 .11
,,,,.,,

Ave r -

age 10.9 7.3 0.05 0.10 10.5 91 1.11
,,,J,, • ,,,, .........., ,,, , , ,., i ,, , , ,, ,,,,,.,,, , ,,,,

Error 0.8 0.14 0.005 0.01 1.4 0.9 0.00
,....'"'" , _ , , , ,.,,., ,,,,,,,.L_.,,,,_,_ _ _'__ _ ' ....._.... L,,,,,,,,....., .............

According to Table 12, the error (standard deviation) on the peak

shear load is 0.8 kips (3.6 kN). The error on the residual shear

load (shear load at 0.5 in shear displacement) is 0.14 kips (0.6

kN). The dilatancy shows some variation, but the differences are

very small, less than 0.005 in (0.13 mm). The error on the slope

(tan i) of the dilatancy curves is about 0.01, which is equivalent

to about one degree of dilatancy. The errors on the gouge and

sheared area measurements are 1.4 grams and 0.9%, respectively. The

measurements of fractal dimension are very consistent.
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4.3 Effeot oE Shear Load Direation

The effect of shear direction was evaluated by conducting a shear

test on sample RI3F4 under the same conditions as R2F4, except that

the shear load started in the opposite (or reverse) direction. R2F4

was sheared in the forward direction first, while RI3F4 was sheared

in the reverse direction first. Comparison between the results of

the two tests is shown in Table 13. According to Table 13, the

peak shear loaCs in the forward direction differ by 0.3 kips (1.3

kN). In the reverse direction, the difference is 0.8 kips (3.6

kN). Residual shear load values in the forward direction are

similar while in the reverse direction they differ by 0.3 kips (1.5

kN). The maximum dilatancy values in the forward direction have a

0.02 in (0.4 mm) difference, while in the reverse d4rection they

have a 0.002 in (0.05 mm) difference. The dilatancy slopes (tan i)

in the forward direction have a 0.01 difference, which is less than

one degree of dilatancy. In the reverse direction they have a

0.02, or about a 1.3 degrees difference. The gouges produced

during shear differed by approximately 2.3 grams. Sheared area

during shear and fractal dimension are similar for both samples.

4.4 Future Application of the Data

This report is part one of a series of reports under the title of

Effect of Boundary Conditions on the Strength and Deformability of

Replicas of Natural Fractures in Welded Tuff. This report is a

data report. In the second report, the observed and predicted

shear behaviors using the graphical method of Amadei and Saeb are

compared. The third report discusses additional analysis relative

to several commonly used empirical rock joint models.
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Table 13

Comparison of the results of tests R2F4 and RI3F4 under a

constant normal load of 3.6 kips (16.0 kN).

Condi t ions R2 F4 R13 F4

ist Cycle Forward

Peak Shear Load (kips) 3.8 4.1

ist Cycle Forward

Residual Shear Load (kips) 2.0 1.9

ist Cycle Reverse

Peak Shear Load (kips) 5.1 4.3

Ist Cycle Reverse

Residual Shear Load (kips) 3.0 2.7
I I11 1 I [ II ] U IIIIIIII I! L iiii _ iiii -

ist Cycle Forward

Maximum Dilatancy (in) 0.08 0.06

ist Cycle Reverse

Maximum Dilatancy (in) 0.05 0.06

ist Cycle Forward

Dilatancy Slope (tan i) 0.14 0.13
. L ,, ,,,,, .: ,,,,, , r1,, ,,,,r,,!. ,,,,:, ,,, ,,,,rn,,l, , , ,,, ,,,,,,,

ist Cycle Reverse

Dilatancy Slope (tan i) 0.Ii 0.08

Gouge (grams) 5.1 7.4

Sheared Area (%) 68 70

Fractal Dimension, X2 I.Ii i. Ii

( after shear)
.... *"L J_Z[ 7 .......... - _" IL-"'['= ........ ........... _ II L I II II I_lll I L I _l_ll_ _..... I!l,l iprplr i ---:----T:TI
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_P_IX A0
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SAMPLE DESCRIPTION PAGE

RG2 Experiment Schedule A0- 1

RF2 Experiment Schedule A0- 2

RF3 Experiment Schedule A0- 3

RF4 Experiment Schedule A0-4

A0-i



Table 1

Experiment schedule for RG2 specimens.

,,, ll [ ] l! ................. _ fl_L ---- lll]ll---- Hill ........ [ ....... .................

Sample Normal Initial Constant.

Load Normal Stress Stiffness

(kips) (psi) * (klps/in)
: : :_:_- -_' _- _ _ ..... L r ,j .... L.... ,........_.......................

RIG2 1.3 40 0

R4G2 6.4 200 0

R2G2 12.8 400 0

R3G2 25.6 800 0
, _ , ,;_, -_ ,,u _ L: ' ,I I]1 U ] r ,i i,i /Irl, ..........................

KR5G2 i. 3 40 32

KR6G2 6.4 200 64
ll]ll -- r i -- fit ,i - i .............................

• Area - 32.00 in s

A0- 1



Table 2

Experiment schedule for RF2 specimens.

_ I _ II iH_ II' I ___ lllll_ _ _ fiIHill_ ilir illlili]iiI'_ ' """'l il'i _ii .... _

Sample Normal Initial Constant

Load Normal Stress Stiffness

(kips) (psi) * (kips/in)
_ ,,, . ,,, .... ,,,,ll __L _ JL............ " -J- ''""'J ....--

R5F2 0.6 40 0

R2F2 3.0 200 0

R3F2 5.9 400 0

R4F2 11.8 800 O
L_ u,, , l if,,,Ji ,f i, i,,,,i ,i,, l,l,,,,,,,,, ,,i ,,, I , ,, , ,i,,,,

KR6F2 3.0 200 14.8

KR7F2 3 .0 200 44.3

KR8F2 3.0 200 147.8
r ii,i i IT ll,iili m,, , --

• Area - 14.77 in 2

A0 -2



Table 3

Experiment schedule for RF3 specimens.

Sample Normal Initial Constant

Load Normal Stress Stiffness

(kips) (psi) * (kips/in)

RIF3 0.8 40 0

R6F3 3.8 200 0

R4F3 7.5 400 0

R5F3 15.0 800 0

KR7F3 3 .8 200 18 .8

KR8F3 3 .8 200 56.3

KR9F3 3 .8 200 187.5

KRIIF3 7.5 400 56 .3

KRIOF3 7.5 400 187.5

• Area = 18.75 in 2

A0 -3



Table 4

Experiment schedule for RF4 specimens.

f _ ,

Sample Normal Initial Cons tant

Load Normal Stress Stiffness

(kips) (psi) * (kips/in)
,,..... ...............,,

RIF4 0.7 40 0

R2F4 3.6 200 0

R3F4 7.2 400 0

R4F4 i0 .8 600 0

R5F4 14 .4 800 0

R6F4 i0.8 600 0

R8F4 i0.8 600 0

RI3F4 3.6 200 0

KR7F4 3.6 200 18.0

KR9F4 3.6 200 54.0

KRIOF4 3.6 200 179.9

KRIIF4 7.2 400 54.0

KRI2F4 7.2 400 179.9
,

• Area = 18.0 in 2

A0 -4



APPENDIX A1

CYCLIC SHEAR & DILATANCY

SAMPLE DESCRIPTION PAGE

RIG2 Cyclic Shear; Normal Load = 1.3 kips AI-I

RIG2 Dilatancy; Normal Load = 1.3 kips AI-I

R4G2 Cyclic Shear; Normal Load = 6.4 kips AI-2

R4G2 Dilatancy; Normal Load = 6.4 kips AI-2

R2G2 Cyclic Shear; Normal Load = 12.8 kips AI-3

R2G2 Dilatancy; Normal Load = 12.8 kips AI-3

R3G2 Cyclic Shear; Normal Load = 25.6 kips AI-4

R3G2 Dilatancy; Normal Load = 25.6 kips AI-4

KR5G2 Cyclic Shear; Normal Load = 1.3 kips,

K = 32 kips/in AI-5

KR5G2 Dilatancy; Normal Load = 1.3 kips,

K = 32 kips/in AI-5

KR6G2 Cyclic Shear; Mcrmal Load = 6.4 kips,

K = 64 kips/in AI-6

KR6G2 Dilatancy; Normal Load = 6.4 kips,

K = 64 kips/in AI-6

RSF2 Cyclic Shear; Normal Load = 0.6 kips AI-7

R5F2 Dilatancy; Normal Load = 0.6 kips AI-7

R2F2 Cyclic Shear; Normal Load = 3.0 kips AI-8

R2F2 Dilatancy; Normal Load = 3.0 kips AI-8

R3F2 Cyclic Shear; Normal Load = 5.9 kips AI-9

R3F2 Dilatancy; Normal Load = 5.9 kips AI-9

R4F2 Cyclic Shear; Normal Load = 11.8 kips AI-10

R4F2 Dilatancy; Normal Load = 11.8 kips AI-10

KR6F2 Cyclic Shear; Normal Load = 3.0 kips,

K = 14.8 kips/in AI-II

KR6F2 Dilatancy; Normal Load = 3.0 kips,

K = 14.8 kips/in AI-II

KR7F2 Cyclic Shear; Normal Load = 3.0 kips,

K = 44.3 kips/in AI-12

AI- i



SAMPLE DESCRIPTION PAGE

KR7F2 Dilatancy; Normal Load = 3.0 kips,

K = 44.3 kips/in AI-12

KR8_°2 Cyclic Shear; Normal Load = 3.0 kips,

K = 147.7 kips/in AI-13

KR8F2 Dilatancy; Normal Load = 3.0 kips,

K = 147.7 kips/in AI-13

RIF3 Cyclic Shear; Normal Load = 0.8 kips AI-14

RIF3 Dilatancy; Normal Load = 0.8 kips AI-14

R6F3 Cyclic Shear; Normal Load = 3.8 kips AI-15

R6F3 Dilatancy; Normal Load = 3.8 kips AI-15

R4F3 Cyclic Shear; Normal Load = 7.5 kips AI-16

R4F3 Dilatancy; Normal Load = 7.5 kips AI-16

R5F3 Cyclic Shear; Normal Load = 15.0 kips AI-17

R5F3 Dilatancy; Normal Load = 15.0 kips AI-17

KR7F3 Cyclic Shear; Normal Load = 3.8 kips,

K = 18.8 kips/in AI-18

KR7F3 Dilatancy; Normal Load = 3.8 kips,

K = 18.8 kips/in AI-18

KR8F3 Cyclic Shear; Normal Load = 3.8 kips,

K = 56.3 kips/in AI-19

KR8F3 Dilatancy; Normal Load = 3.8 kips,

K = 56.3 kips/in AI-19

KR9F3 Cyclic Shear; Normal Load = 3.8 kips,

K = 187.5 kips/in AI-20

KRgF3 Dilatancy; Normal Load = 3.8 kips,

K = 187.5 kips/in AI-20

KRIIF3 Cyclic Shear; Normal Load = 7.5 kips,

K = 56.3 kips/in AI-21

KRIIF3 Dilatancy; Normal Load = 7.5 kips,

K = 56.3 kips/in AI-21

KRIOF3 Cyclic Shear; Normal Load = 7.5 kips,

K = 187.5 kips/in AI-22

KRIOF3 Dilatancy; Norm_l Load = 7.5 kips,

K = 187.5 kips/in AI-22

Al-ii



SAMPLE DESCRIPTION PAGE

RIF4 Cyclic Shear; Normal Load = 0.__ kips AI-23

RIF4 Dilatancy; Normal Load = 0.7 kips AI-23

R2F4 Cyclic Shear; Normal Load = 3.6 kips AI-24

R2F4 Dilatancy; Normal Load = 3.6 kips AI-24

R3F4 Cyclic Shear; Normal Load = 7.2 kips AI-25

R3F4 Dilatancy; Normal Load = 7.2 kips AI-25

R4F4 Cyclic Shear; Normal Load = 10.8 kips AI-26

R4F4 Dilatancy; Normal Load = 10.8 kips AI-26

R6F4 Cyclic Shear; Normal Load = 10.8 kips AI-27

R6F4 Dilatancy; Normal Load = 10.8 kips AI-27

RSF4 Cyclic Shear; Normal Load = 10.8 kips AI-28

R8F4 Dilatancy; Normal Load = 10.8 kips AI-28

R5F4 Cyclic Shear; Normal Load = 14.4 kips AI-29

R5F4 Dilatancy; Normal Load = 14.4 kips AI-29

KR7F4 Cyclic Shear; Normal Load = 3.6 kips,

K = 18.0 kips/in AI-30

KR7F4 Dilatancy; Normal Load = 3.6 kips,

K = 18.0 kips/in AI-30

KR9F4 Cyclic Shear; Normal Load = 3.6 kips,

K = 54.0 kips/in AI-31

KR9F4 Dilatancy; Normal Load = 3.6 kips,

K = 54.0 kips/in AI-31

KRIOF4 Cyclic Shear; Normal Load = 3.6 kips,

K = 179.9 kips/in AI-32

KRIOF4 Dilatancy; Normal Load = 3.6 kips,

K = 179.9 kips/in AI-32

KRIIF4 Cyclic Shear; Normal Load = 7.2 kips,

K = 54.0 kips/in AI-33

KRIIF4 Dilatancy; Normal Load = 7.2 kips,

K = 54.0 kips/in AI-33

KRI2F4 Cyclic Shear; Normal Load = 7.2 kips,

K = 179.9 kips/in AI-34

KRI2F4 Dilatancy; Normal Load = 7.2 kips,

K = 179.9 kips/in AI-34

AI- iii



SAMPLE DESCRIPTION PAGE

Ri3F4 Cyclic Shear; Normal Load = 3.6 kips AI-35

RI3F4 Dilatancy; Normal Load = 3.6 kips AI-35

Al-iv
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CYCLIC SHEAR R1G2
NODAL LOAD ---1.3 KIPS

2 ........ ...._ _.... .................................................

/ ""_"_ !___-_ .............._
I-I........._ ....-...,.._...............:..........-_..-..-":_ .............

m' I "---_ ---_" "_'-"

I.........I.............................................................!..........................................................T............1
1.........L"..............................................1

=_ -_i........."_"'"__"! ........................,...........,",................................I
| i FORWARD I

-'.sI".......................................................................t........................................................................1
24 , , , ,,, ! ...........i.... , ........ , ......... '":_i8 -o.6 .....o.4 ,0,2 o,o ....0.2 0.4 0.6 o.8

SHEAR DISPLACEMENT (IN)

DILATANCY R1G2
NORMAL LOAD = 1.3 KIPS

0.14



CYCLIC SHEAR R4G2
NORMAL LOAD = 6.4 KIPS

$

REVERSE

i
i FORWARD

SHEARDISPLACEMENT(IN)

DILATANCY R4G2
NORMAL LOAD = 6.4 KIPS

0.08......... _
REVERSE = FORWARD

0.06-

,.-, 0.04-
z

;" 0.02-
Z
<

c_ -0.02,

-0.04-

-o.o%-,,,,........n_,,,.,,....,,.a,,_,........o.2'.... o.o'.....o'.2.....o.4'..... o.6'..... 0.8
SHEARDISPLACEMENT(IN)

A1-2



CYCLIC SHEAR R2G2
NORMAL LOAD - 12.8 KIPS

5_ ........... iii i[i I i i iii ii f j[ i ii_l ....... ; .... :]]] ..... _...s . ....... s._ L iii i ii

10..................................," :::......:........L, ..........................,........:..::.:...:....::.............

tGO

'll' if '°.....................Ii

" 1 5C' _ ........ :aS ........... :0,4 "O'_ "d, 0 01!2 ........................ O: i ....... 0:'6 ............ 0._

SHEAR DISPLACEMENT (IN)

DILATANCY R2G2
NORMAL LOAD = 12.8 KIPS

0.07_

0,06-
REVERSE I FORWARD

tm_ ,

"_ 0.02......................................... ;.............
v

0.01 ,......1

'._ 0
5 t

-0.01

-0.02
-0,01

-0.0 .8 -0.6 -0.4 -0.'_ O.C) 02 C 0,6 0.8
SHEAR DISPLACEMENT(IN)

A1-3



CYCLIC SHEAR R3G2
NOR_ LOAD- 25.6 K_S

3oi_--_........-.....--,,_............................................................___ ,,,,
I I

_0............................""'""'""'"'"....""..................!"_ _mc'_''-'w-'-.........................

a
i..H,,o*,,6.olo*...o,_ i.o,loJ J_J.o_......6o6*li_io._o¢,= *i6._i_i..,,,.,161,_._i.lJo i*i J_i.4 ._..*.o

,00,_......................_ . .....'i[
sHE_D_SPt.AC_ME_(_)

DILATANCY R3G2
NOR2dAL LOAD - 25.6 I,c_S

0.05------ .......................... .................... ............. _.... - .............................
REVERSE FORWARD

-"°.2_:iiiiiiii::i:iiiiiiii ii:iii:i:iiii:::::g _

.......................................................i....................................t""° o,_.......................................................................i......................................"_,:,'!::___i.......

" ,¢ ,8U'_ .... :0 ],16 ` l" '0_4---_ _ 6,2 .......... 010 ............. 012 ...... 0. 4 ....... 0. 6 "0 8

S_AR DISPLACEMENT (IN)
A1-4



CYCLIC SHEAR KR5G2
NORMAL LOAD = 1.3 KIPS, K=32 _S/IN

RI_VEM£

2" '

_ 0 _

!

1

" -0.8 -Ci.4.....-0.2...........6.0...........0:2 0:4..... d:8.................,.,._e
SHEAR DISPLACEMENT (IN)

DILATANCY K_R5G2
NORMAL LOAD = 1.3 IcJPS, K=32 _S/IN
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DILATANCY KR6G2
NORMAL LOAD = 6,4 KIPS, K=64 KIPS/IN
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CYCLIC SHEAR R2F2
NORMAL LOAD = 3.0 KIPS
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FORWARD
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SHEAR DISPLACEMENT (IN)

DILATANCY R2F2
NORMAL LOAD ---3.0 KIPS
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,_, R£VERSE ' FORWARD
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CYCLIC SHEAR R3F2
NORMAL LOAD = 5.9 KIPS

"-50.8 -C).6 -0.4 -0'.2 0.0 0'.2 0'.4 0'.6 0.8
SHEAR DISPLACMENT (IN)

DILATANCY R3F2
NORMAL LOAD = 5.9 KIPS
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" REVERSE FORWARD
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CYCLIC SHEAR R4F2
NORMAL LOAD = 11.8 KIPS

1( ,
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FORWARD
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SHEAR DISPLACEMENT (IN)

DILATANCY R4F2
NORMAL LOAD = 11.8 KIPS

0.10

0.08................................................................................................................................................

0.06 ........................................................................-.......................................................................
REVERSE
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DILATANCY KR6F2
NORMAL LOAD = 3.0 KIPS, K=I 4.8 KIPS/IN
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CYCLIC SHEAR KR7F2
NORMAL LOAD- 3.0 KIPS, K---44.3 KIPS/IN
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SHEARDISPLACEMENT(IN)

DILATANCY KR7F2
NORMAL LOAD = 3.0 KIPS, K=44.3 KIPS/IN
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CYCLIC SHEAR KR8F2
NORMAL LOAD = 3.0 KIPS, K=147.7 KIPS/IN
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SHEAR DISPLACEMENT (IN)

DILATANCY KR8F2
NORMAL LOAD = 3.0 KIPS, K=147.7 KIPS/IN
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CYCLIC SHEAR R1F3
NORMAL LOAD = 0.8 KIPS
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DILATANCY R1F3
NORMAL LOAD = 0.8 KIPS
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CYCLIC SHEAR R6F3
NORMAL LOAD-- 3.8 KIPS
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DiLATANCY R6F3
NORMAL LOAD = 3.8 KIPS
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REVERSE FORWARD
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CYCLIC SHEAR R4F3
NORMAL LOAD = 7.5 KIPS
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DILATANCY R4F3
NORMAL LOAD = 7.5 KIPS
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REVERSE FORWARD
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CYCLIC SHEAR R5F3
NORM_A_LLOAD = 15 KIPS
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SHEAR DISPLACEMENT (IN)

DILATANCY R5F3
NORMAL LOAD = 15 KIPS
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0.14...............................................................................................................................................
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DILATANCY KR7F3
NORMAL LOAD- 3.8 KIPS, K=I 8.8 KIPS/IN
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SHEARDISPLACEMENT(IN)
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CYCLIC SHEAR KR8F3
NORMAL LOAD = 3.8 _S, K=56.3 _PS/IN
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SHEARDISPLACEMENT(IN)

DILATANCY KR8F3
NORMA.L LOAD = 3.8 KIPS, K=56.3 IrdPS/IN
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REVERSE FORWARD

0.12...............................................................................................................................................
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CYCLIC SHEAR KR9F3
NORMAL LOAD = 3.8 IUPS, K=187.5 KIPSIN
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FORWARDI
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SHEAR DISPLACEMENT (IN)

DILATANCY KR9F3
NORMAL LOAD = 3.8 KIPS, K=187.5 KIPS/IN
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CYCLIC SHEAR. KR 11F3
NORM_ LOAD = 7.5 KIPS, K=56.3 K_S/IN
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DILATANCY KR11F3
NORMAL LOAD = 7.5 KIPS, K=56.3 KIPS/IN
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CYCLIC SHEAR KR 10F3
NODAL LOAD=7.5 KIPS, K=187.5 KIPS/IN
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_ 0 ..............................................................................................................................................
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SHEAR DISPLACEMENT (IN)

DILATANCY Y RIOF3
NORMAL FORCE-7.5 KIPS, K= 187.5 K__S/I_N
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CYCLIC SHEAR R1F4
NORMAL LOAD=0.7 KIPS

1

!
REVERSE
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FORWARD
-1
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SHEAR DISPLACEMENT (IN)

DILATANCY R1F4
NORMAL LOAD---0.7 KIPS
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CYCLIC SHEAR R2F4
NORMAL LOAD = 3.6 KI__PS

-5-

"6-0.8 -6.6 -0.4 -6.2 0.0 0[2 0'.4 016 0.8
SHEAR DISPLACEMENT (IN)

DILATANCY R2F4
NORMAL LOAD = 3.6 KIPS

0.1

. 0.06........................................................................
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CYCLIC SHEAR R3F4
NORMAL LOAD=7.2 KIPS

8
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DILATANCY R3F4
NORMAL LOAD=7.2 KIPS

0.1
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CYCLIC SHEAR R4F4
NORMAL LOAD= 10.8 KIPS

10.......................................................................'......

REVERSE _ ..........................
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SHEAR DISPLACEMENT (IN)

DILATANCY R4F4
NORMAL LOAD=10.8 KIPS
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REVERSE FORWARD
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CYCLIC SHEAR R6F4
NORMAL LOAD = 10.8 KIPS
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l REVERSE f-"_-_
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, SHEAR DISPLACEMENT (IN)

DILATANCY R6F4
NORMAL LOAD = 10.8 KIPS

0.1

0.08.............................................................................................................................................
REVERSE FORWARD

--. 0.06 ..............................................................................................................................................
Z
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CYCLIC SHEAR R8F4
NORMAL LOAD - 10.8 KIPS

15''i

10" REVERSE __

" iiiiiiiiiiiiiiiiiiiiiiiii'i?iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiIiiiiiiiiiiiiiiiiiiiiiiii_ 0- '

........................................................."...............................................................................
15d-.8 -0.6 4.4 -d.2 0'.0 0:_, 0:4 0:6 0.8

SHEAR DISPLACEMENT (IN)

DILATANCY R8F4
NORMAL LOAD = 10.8 KIPS

0.1

0.08 ..............................................................................................................................................
REVERSE FORWARD

0.06 ...............................................................................................................................................
z
;>" 0.04...........................................................................................................................
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0 ........................................._ ..........................................
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SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR R5F4
NORMAL LOAD = 14.4 KIPS

15................ ................. ...............................
i

REVERSE IF"_'_'_--.__
10-.........................................................................._ ...............................
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SHEAR DISPLACEMENT (IN)

DILATANCY R5F4
NORMAL LOAD = 14.4 KIPS

0.1 i-

0.06 .................................................................... °.......................................................................

REVERSE FORWARD

,..., 0.06 .................................................................................................................................................
Z

i_ 0.04........................................................................i.......................................................................

0.02............................_-,._.............................i.........................................
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1
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CYCLIC SHEAR KR7F4
NORMAL LOAD=3.6 KIPS, K= 18.0 KIPS/IN

REVERSE

' ;=a:_:.=.

-2 ...................................... ._. ........................
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8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
SHEAR DISPLACEMENT (IN)

DILATANCY KR7F4
NORMAL LOAD=3.6 KIPS, K= 18.0 KIPS/IN

0.1 ......

0.08 REVERSE FORWARD !

_ 0.06-0.04..........................................................i...................................................
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t

i

._ '.o.oIR '.....'....' ' '-0.6 -0.4 -0.2 0.0 012 0.4 0.6 0.8
SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR KR9F4
NORMAL LOAD=3.6 KIPS, K=54.0 KIPSBN

5 i
4- i

REVERSE i

-1 ;

FORWARD

.8 -0.6 -0.4 -0,2 0.0 0.2 0.4 0.6 0,8
SHEARDISPLACEMENT(IN)

DILATANCY KR9F4
NORMAL LOAD=3.6 KIPS, K=54.0 KIPS/IN

0.1
REVERSE FORWARD

0.08.............................................................................................................................................

z o.o8........................................................................
_" 0,04-

! ,0.02.........................................................._.........................................................

" "-.,'-,-..,,.-. ,.-,.--, ,-,,,, o,.,.,,.,..,.,.,

"0'02t i
-0.04, , _ , , , ..............., .... , .....

-0.8 "0.6 "0.4 -0.2 0.0 0.2 0.4 0,6 0,8
SHEARDISPLACEMENT(IN)
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CYCLIC SHEAR KR10F4
NORMAL LOAD=3.6 KIPS, K=179.9 KIPSBN

,., ...... __ , .......... ............. ,i .. / - _ _-_- ,,,,,, ,,,, _ ....... ,J _- ,u, ,,,, .
2Z I

REVERSE i

- iiiiiiiiiiiiiiiiiiiiiii 12i iiiiiiiiiiiiiiiiiiiiii_ 4- • •

t t t*t ttt Alll**t***tt t*l*q

--_'_...........................i
_ -4...................................... i.............................................................................

_8008 1.0.61_L_:- _ 1,11.......,,1.0o4--i t= ,11111 :_H ,=,0.21 - 11,,1,1 ' "'1 0t,0_- _- _- .......... 0e2! .......... 0o41 .... " ....... 0o6-_r ' 1111,1 0*8

SHEAR DISPLACEMENT (IN)

DILATANCY KR10F4
NORMAL LOAD=3.6 KIPS, K=179.9 KIPS/IN

0,1 ,___ ......

08 *'**"''''"*"''''"*''"*""'''"'°''"'""°"°'*''""*"°'''"°' "'""'°"_"°""°'_'''"'*"'"'''"'''"''''""' ...... '*'*° .... ""'""t,

REVERSE FORWARD

_-. 0.06 ...............................................................................................................................................
z

o!!i!ii!iiiii!i : i!!!iii!iiiiiii0.02-
0-

-0.02 ............................................................................................................................................

_.04 t -- - ............. , ....... _ , ...... , II I _ .......... , ....... [ I _ ........ -- _--_--

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
SHEARDISPLACEMENT (IN)
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CYLIC SHEAR KR 11F4
NOR_MAL LOAD=7.2 KIPS, K=54.0 KIPS/IN ,

10 ! ,
8.

REVERSE

t
....o,o.,.., .... ..o.i _°"°

FORWARD
,,........,,,.............. °,,,.°..-. °....,,..................'..'''"". "' ' "'

i
i _ _--_-- __ -- _ i= " " '""'" " '" T '"" ..... _

-1 ,8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0,6 0.8
SHEARDISPLACEMENT(IN)

DILATANCY KR11F4
NORMAL LOAD=7.2 KIPS, K=54.0 K!PSBN

,-, ___u.u,_-'............................................................................................................................................

' i

0.04- _ ,
0.02..........................................................................................................

i
I

-0.02.......................................................................i.......................................................................
l

4_ , ,,,,, _. ,,,,,, , ,,,,,,,L. ,,,, ,.... ,-.... ,........_- i-- ' v-,.n." 0.6 ,,,,n.n•.0.0 ,8 -0.6 -0.4 -0.2 0.0 0:2 ......'
SHEAR DISPLACEMENT(IN)
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CYCLIC SHEAR KRI2F4
NORMAL LOAD=7.2 KIPS, K-179.9 KIPS/IN

11 ,
!
4,

REVERSE i

_ ,

= 1

-6" ! FORWARD

-8- ]
E

"1 '
}.8 "0.6 "0,4 "0.2 0.0 0.2 0,4 0.6 0.8

SHE.MtDISPLACEME_ (IN)

DILATANCY KR12F4
NORMAL LOAD=7.2 KIPS, K=179.9 KIPS/_

0.1---- .......... :................ - _..... ---'-

0,08 ......................................................................_.......................................................................
REVERSE

,-, ___o.o6...............................................................................................................................................z

_) 0.04-
z .......................................................................i....................................'.....i.........................
_ O.02- .

o.iiiiiiiiiiiiiiiiiiii iiiiiiiiiiiiiiiiiiiiiiii
i FORWARD

-0.02 ........................................................................_.......................................................................

!

04C _ ----___ - ............. ] ....... It V -- _-- |- qlli' "llJ | "- -- - --T0 8 06 04 (_2 o,o 02 04 06 08
SHEARDISPLACEMENT(IN)
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CYLiC SHEAR R 13F4
NORMAL LOAD = 3.6 KIPS

5 i
4" i..,,

REVERSE
3.

2 _

1 '
"2

"3"
FORWARD

4.
t

,8 -0.6 ,4 -0,2 0,0 0,2 0.4 0,6 0
SHEAR DISPLACEMENT (IN)

DILATANC"f R13F4
NORMAL LOAD = 3.6 KIPS

01 _-_-_ L -_--, ...... -_- .........- ....... ..................
REVERSE FORWARD

0.08 ..............................................................................................................................................



APPENDZX A2

SUMMARY OF CYCLZC 8HEAR 6. DZLATANCY

SAMPLE DESCRIPTION PAGE

RG2 Cyclic Shear - ist Cycle Forward A2-1

RG2 Dilatancy - Ist Cycle Forward A2-1

RG2 Cyclic Shear - Ist Cycle Reverse A2-2

RG2 Dilatancy - ist Cycle Reverse A2-2

RG2 Cyclic Shear - 2nd Cycle Forward A2-3

RG2 Dilatancy - 2nd Cycle Forward A2-3

RG2 Cyclic Shear - 2nd Cycle Reverse A2-4

RG2 Dilatancy - 2nd Cycle Reverse A2-4

RG2 Cyclic Shear - 3rd Cycle Forward A2-5

RG2 Dilatancy - 3rd Cycle Forward A2-5

RG2 Cyclic Shear - 3rd Cycle Reverse A2-6

RG2 Dilatancy - 3rd Cycle Reverse A2-6

RG2 Cyclic Shear - 4th Cycle Forward A2-7

RG2 Dilatancy - 4th Cycle Forward A2-7

RG2 Cyclic Shear - 4th Cycle Reverse A2-8

RG2 Dilatancy - 4th Cycle Reverse A2-8

RG2 Cyclic Shear - 5th Cycle Forward A2-9

RG2 Dilatancy - 5th Cycle Forward A2-9

RG2 Cyclic Shear - 5th Cycle Reverse A2-10
t

RG2 Dilatancy - 5th Cycle Reverse A2-10

RF2 Cyclic Shear - ist Cycle Forward A2-11

RF2 Dilatancy - Ist Cycle Forward A2-11

RF2 Cyclic Shear - Ist Cycle Reverse A2-12

RF2 Dilatancy - Ist Cycle Reverse A2-12

RF2 Cyclic Shear - 2nd Cycle Forward A2-13

RF2 Dilatancy - 2nd Cycle Forward A2-13

RF2 Cyclic Shear - 2nd Cycle Reverse A2-14

RF2 Dilatancy - 2nd Cycle Reverse A2-14

RF2 Cyclic Shear - 3rd Cycle Forward A2-15

RF2 Dilatancy - 3rd Cycle Forward A2-15

RF2 Cyclic Shear - 3rd Cycle Reverse A2-16

A2- i



SAMPLE DESCRIPTION PAGE

RF2 Dilatancy - 3rd Cycle Reverse A2-16

RF2 Cyclic Shear - 4th Cycle Forward A2-17

RF2 Dilatancy - 4th Cycle Forward A2-17

RF2 Cyclic Shear - 4th Cycle Reverse A2-18

RF2 Dilatancy - 4th Cycle Reverse A2-18

RF2 Cyclic Shear - 5th Cycle Forward A2-19

RF2 Dilatancy - 5th Cycle Forward A2-19

RF2 Cyclic Shear - 5th Cycle Reverse A2-20

RF2 Dilatancy - 5th Cycle Reverse A2-20

RF3 Cyclic Shear - ist Cycle Forward A2-21

RF3 Dilatancy - ist Cycle Forward A2-21

RF3 Cyclic Shear - Ist Cycle Reverse A2-22

RF3 Dilatancy - Ist Cycle Reverse A2-22

RF3 Cyclic Shear - 2nd Cycle Forward A2-23

RF3 Dilatancy - 2nd Cycle Forward A2-23

RF3 Cyclic Shear - 2nd Cycle Reverse A2-24

RF3 Dilatancy - 2nd Cycle Reverse A2-24

RF3 Cyclic Shear - 3rd Cycle Forward A2-25

RF3 Dilatancy - 3rd Cycle Forward A2-25

RF3 Cyclic Shear - 3rd Cycle Reverse A2-26

RF3 Dilatancy - 3rd Cycle Reverse A2-26

RF3 Cyclic Shear - 4th Cycle Forward A2-27

RF3 Dilatancy - 4th Cycle Forward A2-27

RF3 Cyclic Shear - 4th Cycle Reverse A2-28

RF_ _ Dilatancy - 4th Cycle Reverse A2-28

RF3 Cyclic Shear - 5th Cycle Forward A2-29

RF3 Dilatancy - 5th Cycle Forward A2-29

RF3 Cyclic Shear - 5th Cycle Reverse A2-30

RF3 Dilatancy - 5th Cycl_ Reverse A2-30

RF4 Cyclic Shear - Ist Cycle Forward A2-31

RF4 Dilatancy - ist Cycle Forward A2-31

RF4 Cyclic Shear - ist Cycle Reverse A2-32

A2- ii



SAMPLE DESCRIPTION PAGE

RF4 Dilatancy - ist Cycle Reverse A2-32

RF4 Cyclic Shear - 2nd Cycle Forward A2-33

RF4 Dilatancy - 2nd Cycle Forward A2-33

RF4 Cyclic Shear - 2nd Cycle Reverse A2-34

RF4 Dilatancy - 2nd Cycle Reverse A2-34

RF4 Cyclic Shear - 3rd Cycle Forward A2-35

RF4 Dilatancy - 3rd Cycle Forward A2-35

RF4 Cyclic Shear - 3rd Cycle Reverse A2-36

RF4 Dilatancy - 3rd Cycle Reverse A2-36

RF4 Cyclic Shear - 4th Cycle Forward A2-37

RF4 Dilatancy - 4th Cycle Forward A2-37

RF4 Cyclic Shear - 4th Cycle Reverse A2-38

RF4 Dilatancy - 4th Cycle Reverse A2-38

RF4 Cyclic Shear - 5th Cycle Forward A2-39

RF4 Dilatancy - 5th Cycle Forward A2-39

RF4 Cyclic Shear 5th Cycle Reverse A2-40

RF4 Dilatancy - 5th Cycle Reverse A2-40

A2- iii



CYCLIC SHEAR RG2
1ST CYCLE FORWARD

30

25"

_ N,L.w25,6KIPS

< 15-
_)_ N,L.=12,8KIPS

......
,I_ N.L.=6.4 KIPS, K=64 KIPS/IN
m 10-

.......o........o..o.._.... ....... . _-- --- -- ------ _ _. _ .,,..,......

.................... N.L,=6,4 KIPS

f -5- N.L.zl.3 KIPS, K_32 KIPS/IN

.........•-..............................................."55................. -_"t.'Z.,._KiT's

00.0 0'.1 0'.2 013 014 0'.5 0'.6 017 018 0.9
SHEARD_SPLACEMEr,rraN)

DILATANCY RG2
1ST CYCLE FORWARD

0.2
N,L,=1.28KIPS

0.14-

N,L,=I.3KIPS.K"32KIPS/IN
0.08- _._-_:._::-':. 2:2-_'.L=6.4Kn,s.K=__tr,,_N

z 0.02- ................... N.L.I2.SK'S,_'_".'_._,.........,,° ........ ,................. ,............................. .,,,.................................. .......,,....

-0.04 __. N.t.,.2_.6_s
r,j
z -0.1-<
[-
< -0.16-
,.d

-0.22-

-0.28-

-0.34-

-0.uu 0.1 0.2 0.3 0.4 0'.5 0.6 017 0'.8 0.9
SHEAR DISPLACEMENT (IN)

A2-'I



CYCLIC SHEAR RG2
1ST CYCLE REVERSE

30

25-

r._

20- -, _.L.-..6_s

<
O 15-
,..J

N.L.,,12.8KIPS< 41"_

N.L.unS.4KIPS

5=_._
......................................................................................... 1_ KIPS.K=64KIPS/IN

N,L,,,i.3 KIPS.Kt32 IC[PS/IN
! II_T__..; ........ _ ............. "...... :-;- ........ _" ............ "-" _-.:.'----_ N,L.-I,J KIPS

00.0 0'.1 0'.2 013 014 0'.5 0'.6 0'.7 0.8 0.9
SHEARDISPLACEMEm"(rN)

DILATANCY RG2
1ST CYCLE REVERSE

0.2

0.14-
N.L.-I.3KIPS

0.08-

"_ 0.02- - N.L.-6.4K/PS K,,32N'L'aI'3K[PS/INKIPSz
TZLL_ ........... t _,s,. -,, ,,,,e _ N,.,,,_,rl- ":.....:::::::::::::::::::::::::::::::::::":"'-':--'..--__.... :'::?....................................'.............

:>. -0.04 .a.,.-64raps,K,,__s/Ir_
N.L.,"12.8KIPS

-0.1 "--- _-- N.L,-25.6KIPS
< -0.16
..j

-0.22-

-0.28-

-0.34-

"0"40'.0 011 012 0'.3 0'.4' 0'.5 0'.6 0'.7 0'.8 0.9
SHEAR DISPLACEMENT ,(IN)
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CYCLIC SHEAR RG2
2ND CYCLE FORWARD

30-

25-

r,/3

20-

N.L.=25,6KIPS<
.qo15-
I_ _.L,=I2.SKITS
<

10-
N.L,=6,4 KIPS, K=64 tHI_AN

........... ,.-._- ..... ;"_""" .............................. N.L.=6.4KmS
. %Z_...". _.... _ ..... --'_

N,L.=I.3 KIPS, K=32 KK_$/IN

,.,..

O0 i i i it0. 0'.1 0'.2 0.3 0.4 0"5 0.6 0.7 018 0.9
SHEAR DISPLACEMENT (IN)

DILATANCY RG2
2ND CYCLE FORWARD

0.2.

0.14" N.L=1.3_s

0.08" ___.__IL..,._ K_s_K=_2_aPs4N......................... "_i. 6.4 KIPS, K=M KIPS IN

"" 0.02-
Z _,._'r:';_.:.':;".::.:: ;-":':':"......kill _"_:"-__Ba "'*'_'" "'''"" ................... "°',,.., --- ---" ' .... N.L=I2.8 KIPS

"0.04 ,.L.o.4_JPs
L)
z -0.1

< -0.16 ---------
,..J
t=111

c -0.22-

-0.28-

-0.34-

4 I " i- I I ..... I "" "' " " " I "J "' ' ' I " " '"" " _ ....

"0"0.0 O.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR RG2
2ND CYCLE REVERSE

30

25-

2o-_-_
_ N.L.:25.6 KIPS

<

Ns.,.n,8KiPs
<
m 10-
=
r,_ N.L=6,4 KiPS

5-
........................................................................ N.L,_.64 KIPS, K-M KIPS/IN

N.L.=I.3KIPS.K=32 KIPS/IN

....... ........................... .................... - ................ NL.=I,3KIPS

00.0 0.1 0'.2 0'.3 014 0'.5 0'.6 017 018 0.9
SHEAR DISPLACEMENT (IN>

DILATANCY RG2
2ND CYCLE REVERSE

0.2

0.14-
N.L.=I.3KIPS

0.08-

"-" 0.02- N.L.-,.3EroS.K.32K_'S/IN
Z ........................_......._..............,..............,......................••saAs.._jw_,,._,b,,,_s_w_ •.o.oo••.....o.,..,........
_'_ .... -- .................. --" -----..... N.L,..64KIPS

>. -0.04- .......................................................................................
N.L.=6.4 KIPS. K.,64 KIPS/IN
N.L,=I2,8 KIPS

z -0.1<
[.-,
< -0.16
,,,,=] ..... N.L.=2&6

-0.22-

-0.28-

-0.34-

04" , l ) Ill i l ' t ...... i l l I _ I l i .........

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR RG2
3RD CYCLE FORWARD

30

25-

r,we_

- 20-

N,L.=_.6KIPS015"---.-......_

_ 10-
:_ N.L=6.4KIPS.K"M KIPS/IN

............ N,L,-&4KIPS
N.L.,,I.3KIPS,K=32KIPS/IN

............................... ""'"" ....................... N,L = 1.3 KIPS

°o'oo o.1 0'.2 .3 014 0'.5 0'.6 017 0.8 0.9
SHEAR DISPLACEMENT (IN)

DILATANCY RG2
3RD CYCLE FORWARD

0.2.

0.14" N.L,,1.3KIPS

_.L.'I.3 KIPS.K=32KIPS/IN0.08-
......................N.L.-6.4_s K=_KIPs_N

0.02-z -, .................................. -..........•.':-:i_'"''--'_ .....'-'-"'---:_-;_ -----,,.L_J.i.,w_s."..... --'_'I$'""."t; .........."......_ .........."..................
ii,iiii ..o"'" o.- ..........o..,,,.. N.L.,,_.4KIPS

-0.04 ..........................

z -0.1-
<
[.-

_ -0.16-
_ -0.22- _'-_-

_--_-- N.L.=2_.6KIPS
-0.28- "---'---___,

-0.34"

"oo o: '...................'-0. _ 0.2 0.3 0.4 015 0.6 017 o'.B 0.9
SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR RG2
3RD CYCLE REVERSE

30

25"

20"

N.L.=64 KIPS

= : .... N.L.=64 KIPS, K=64 KIPS

N.L.=I.3 KIPS, K=32 KIPS/IN

.... , ...... .,-,.,.v=w, .................. _- _ .... ..---- NL,-I.) KIPS

o,....................._;_.....: ,i 0.0 0,1 0 " 0,3 0.4 0.5 0.6 0.7 018 0.9
SHEAR DISPLACEMENT (IN)

DILATANCY RG2
3RD CYCLE REVERSE

0.2

0.14"
NL=I,3 KIPS

0.08-

_'_ 0.02- N.L'I,3 KIPS, K'32 KIPS/IN
Z .............................................................................. , ...... _. • ._._w i oo...P,m..-_._u_ n'l't'_.• •..........................mini
...4 ........ -'_'_' ....... '" -- ----" N.L,=64 KIPS

>. -0.04 ......................................... NL._,KmS,K.64_s_N

z -0.1

_ -0.16
-1

_ -0.22-

-0,28-

-0,34-

• ' I ' ' I ........ 1 .... I 1 '"' .... '"1 '

-0.. 0.2 0.3 0.4 0,5 0,6 0.7 0.8 0.9
SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR RG2
4TH CYCLE FORWARD

30

25-

2O-

<
S
=¢

10-
N,L,-0,4 KIPS

.,,, i, _ ,,- -

5" N.L.=64 KIPS.K=_ KIPS/IN
........_..............._.........-..,.--.---.-.-'---'-'''"'' ..... .. ..... .-...o--=,

N.L=1,3 KIPS,K=32KIPS/IN

.._. ...................... ,- _.--_-- ..... -...... "----" ................... "''"_" ...... "---'--N L= 1.3 KIPS

0 t , , _ ,•0 0'.1 0'.2 013 0.4 0.5 0.6 0.7 0.8 0.9

SHEAR DISPLACEMENT (IN)

DILATANCY RG2
4TH CYCLE FORWARD

0.2

0.14" m...l.3_s

0.08" ._-----'--"-_ u-,3_s K.,_KI,,_,',_
...._,__.___ ....... -..-----'................... N.L=6,4KIPS,K=64KIPS/IN

"" 0.02........................... ------
Z .......... :_............ ...-:'.::::.'.'. ::2 ..................... :.,........ .'_:':::::.'..-.::..................................

;>,,-0.04
r_ N:L,=64 KIPS

z -0.1<
,_ -0.16
.-1

-0.22-

-0.28-

-0.34-

% T ""' T - i ' T i i ' 1

-0. 0.1 0.2 6.3 0.4 0,5 0.6 0'.7 0.8 0.9
SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR RG2
4TH CYCLE REVERSE

30

25-

20-

<

_,_ N.L.=6.4 KIPS

N.L.=6.4 KIPS, K-64 KIPS/IN
N.L =l.3 KIPS. K=32 KIPS/IN"---=----" ° "---,- ,-,= ..... °- =• -,- .,,.=., ,=, ,,,......b, o,,o .,,.., o,,., ._.

_: .... "r=''':"'"'""-;_==r---- N.L.=I.3 KIPS

, 0.0 3.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
SHEAR DISPLACEMENT (IN)

DILATANCY RG2
4TH CYCLE REVERSE

0.2-

0.14- NL-,,_K_

0.08- ______---

"" 0 02" N.L..,.3_s. K-_2_N
Z ' ., ................................................................................... ,..o=.o_w,t,t_t,._._o*--...,.,.='_ .........................

, -,o_z= ."-r:::.-...': 7: 7: :::; :::::: 7::: ::.::-:: :_,,,, ...... ---_,,.-.:'.'::'.'= N.L.=6,4 KIPS.

;,. -0.04 - _ K.(wvat,s/iN
N.L.,,64 KIPS

Z -0.I

_ -0.16
,,,J

,._ -0.22-

-0.28-

-0.34-

.._............,.... : , ,_........._......, ......,-0. .0 0.1 0.2 0.3 0.4 0 5 0.6 0.7 0.8 0.9
SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR RG._
5TH CYCLE FORWARD

30

25-

15-

f,_ N.L.-6.4 KIPS

N.L m6.4 KIPS, Km_ KIPS/IN

NL •1,_ KIPS. K")2 KIPS/IN

":.-_'Z;-_ -£ ... -. ' .LT, _._ _ 7-.-- .? L _.. A_;- :_ :.. "A _ ',;-'-'-_' ":' ' '_........ :-'_ """ _"""" '"-" -"-": :__" """-"_' "'-r_--"-N L • I 3 KIPS

, ....... w ..... i'"'....... _' '' I ...........................i............ i 'I" _ "

0.0 0.1 0.2 0,3 0.4 0.5 0.6 0.7 0.8 0.9
SHEAR DISPLACEMENT (IN)

DILATANCY RG2
5TH CYCLE FORWARD

0.2

0.14" -L.,.3Kips

0.08" _.,.3 KiPs,K-._:Kms_,

_" 0.02...................................... ,.c-_,K_S.K-_4KIPS_,
.... ;q:'.W:;; ............................................ "."": :'_ _.'_',,,_' _"........................

>, -0.04
N.L.,_.4 KIPS

Z -0,I -

-0.16-
-0.22-

-0.28-

-0.34-

-o.i_, _.................. , _,..........._... 0.1 0'.2 ....' ..... -'- " ' "'..................0.3 0.4 0.5 0.6 0.7 0.8 0.9
SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR RG2
5TH CYCLE _VERSE

30 .............

25.

2O-

C_
<

10- '
N,L,-6 4 KIPS

......

. _::_ =-
NL,=I,3 KIPS, K,,32 K.I_/IN

N.L,=O,4 KIPS, K=(¢I K/i_/IN
N.L =1,3 KIPS

.__ .........r__......"'= _0;;...."':0_;....._0_ 0:8"0 0 0 1 0 2 0.3 0.4 0.9
SHEAR DISPLACEMENT (IN)

DILATANCY RG2
5TH CYCLE REVERSE

0.2

0.14" N,L.-,,3Kms

0,08- _._.. "--
N,L.=I.3 KIPS, K=32 KIPS/IN

"-" 002-
Z , ........ . ...... .._ ....... . .............. . ........................................ ...-.. .... _:_ZLt_-.....*o ....... .... o..o...

....................... N,L.=6.4 KLP$, K=IYt YdPS/1N
'""---.-,o,=.,. o, ,., ,,, ,, .... ,.,,oo,,oooo., ........ ,.,-

>., -0,04- ".................................................................. -
_) N.L.-6.4 KIPS

z -0.1<

"_ -0.16
.1
_ -0.22-

-0.28-

-0.34-

-- L"-r " '' 1 '"' _: [ " ' ' I - " ! '"' ' ' '1 '" I ' i .. I •

-0. 0.1 0,2 0,3 0.4 0.5 0.6 0.7 0.8 0.9
SHEAR DISPLACEMENT (IN)

A2- :1.0



CYCLIC SHEAR RF2
1ST CYCLE FORWARD

1(

9-

8-
r,,¢)

7"

N.I.=i 1,8 KIPS
_" 6"

<

C) _,,__---_'--"-'-'l N.L=3.0 KIPS. K= 147.7 KIPS/IN

a_

, _ _ N.L.=5.9 KIPS

_.l N.L.=3.0 KIPS. K=44.3 KIPS/IN

2- N.L.=3.0 KIPS. K=14.8 KIPS/IN
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CYCLIC SHEAR RF2
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CYCLIC SHEAR RF2
2ND CYCLE FORWARD
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CYCLIC SHEAR RF2
2ND CYCLE REVERSE
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CYCLIC SHEAR RF2
3RD CYCLE FORWARD
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CYCLIC SHEAR RF2
3RD CYCLE REVERSE
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CYCLIC SHEAR RF2
4TH CYCLE FORWARD
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CYCLIC SHEAR RF2
4TH CYCLE REVERSE

10

9-

8-

_2 7-

'_ 6"

<
5-

4" N.t.,.il.SK.mS

| .... _ N.L "5,9 KIPS

2,4,-_._............................. , N,LI3,O It.lPS, K,, 147.7 KIP$/IN

J ..... ""'"_w'"_'';':'"v:_::=:;_;:'_-nLuv._,,-_ :-'-',r.:z-'=_'.'-_'J==:_'_'_'_ N,L ,,3 0 KIPS, K,,14 8 ItJPS/IN

1 "1 .......... ' - _I.L.,.3,OKIPS
..... - ................... -- "' _ : - NL,,0.6 KIPS

00' 0 ............. O' i ..... 0' 12 ' 11 0' 3 ....... 0' 4 .... 0' 5 0' 6 l 0' 7 0. 8

SHEAR DISPLACEMENT (IN)

DILATANCY RF2
4TH CYCLE REVERSE

0.10- N,t.,,o,6KmS
0.08-

0.06-
....--"

,_, 0,04-._ _..t- _
Z ..................... NL .,3,o KIPS, K,,44,3 KIPSAN

- 002 ................................................. " N.L.=3,0 KIPS

_._ "".'....v - N,L.=3,9 KIPS

0.00".,'.',,,-.,_==--,-.,..... '.---............ _"'--":_'"-_ ...................................................
N,L,,,,3,0 KIPS, K=147,7 KIPSAN

Z .. °..,.......,,...., o.,.,.. ,...,=,..,,,,...,.,....,.,

< -0.02" "................ N,t...3,0KIPS,K=I4,11KII_/IN[--

_ -0.04- __--..._...

-O,06"
N.L,- I I,II KIPS

"0.08" ""''-.

-0.1O- "-_"_

-0.12hi , ,.............,. , , .......0 0,1 0.2 0.3 0.4 0'.5 0.6 01'7' 0.8
SHEAR DISPLACEMENT (IN)

A2-1.8



CYCLIC SHEAR RF2
5TH CYCLE FORWARD
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CYCLIC SHEAR RF2
5TH CYCLE RE_RSE
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CYCLIC SHEAR RF3
l ST CYCLE FORWARD
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CYCLIC SHEAR RF3
1ST CYCLE REVERSE
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CYCLIC SHEAR RF3
2ND CYCLE FORWARD
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CYCLIC SHEAR RF3
2ND CYCLE _VERSE
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CYCLIC SHEAR RF3
3RD CYCLE FORWARD
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CYCLIC SHEAR RF3
4TH CYCLE FORWARD
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"0'020,0 O'.1 012 013 0'.4 015 016 0'.7 0.8
SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR RF3
4TH CYCLE REVERSE

14

12-

c_ 10-

......... N,L -IS,OKIPS

! .......... _.,..,w_'.'.r"22'" ..... _ N,L.,,7.SKIPS,K,,S6,3KIPS/IN

, ..,.,.. N,L,,=3,11KI_, KulllT,$KIPS/IN

i_ .... _ N,L.-7.' KIPS

.'_ ! ............. -' ..]..-.-"-'"'-'" .. "_"_---.N,L,,,3,11 KIPS, K,,,Stt.3KIPS/IN

: .,,,,,,r,_,_ .,,¢,.... ".'."..."_ ..... _ N,L..,3,8KIPS K'18,8 KIPS/IN
_..'".:_ ............................. ----_" Nt ._ R_mS

,p.o,,. ,,,,,,,.,,,.,,. ,.,_, .,.._I'.....

............ __ _ , J N,L_.8 KIPS

i i '_ i I ,
1 0.0 0.1 012 013 0.4 0.5 0.6 0.7 0.8

SHEAR DISPLACEMENT (IN)

DILATANCY RF3
4TH CYCLE REVERSE

0.16]0.14

0.12- _, L.o8Kn'S

Z" 0.1-

z 0.0B- J /._7,- N'''''K_
./ _._ N,L.3,eg.ms,K.S63V,J_/IN

E.5< 0.06- / _ ,....,..._N.,.3,,_,s.,-,,.,_

0.04- / _.J ,.,,,._ ...j ..I N.L.-,.,KmS.K-,rI.,Kn,SnN
/ __..._......-'" ....__NL.. K_,K-.3K_

0.02- ../ ..__..::.:__ ,._.,__, ..,,,__,,_'-':-'-_ ,,,...,,,o,_
0..........__ .................................................................

;"_...T_:::.,_.,,,--,_'

°'o"u ' o:6-0.. 0.1 012 013 0.4 015 0.7 0.8
SHEARDISPLACEMENT (IN)
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CYCLIC SHEAR RF3
5TH CYCLE FORWARD

14 i ...........................................
t
I

12- !
i

1o. i
"" i

_" i --- N.L.,,7.$ KI_, K=187.5 KIPS/IN

= ..... -.-__'_ Nt..is,o_es

2 _'_,a_,_'a'cZz.; ..... ; ..... - ................. tee_"<" ..... N.L "3.8 KIPS

! N,L=0.8 KIPS
jr- .__...... _ t

. 0.0 0.1 .2 0,3 0.4 0.5 0.6 0.7 0.8
SHEAR DISPLACEMENT (IN)

DILATANCY RF3
5TH CYCLE FORWARD

0.16

0.14-

0.12-

Z 0.I- _ N.t..,,o.s
_" _ N,L.,,3.8 KIPS

.,f ..,.._.., N.L,=3.8 KIPS, K=187,5 KIPS/IN

0.02" .....:'-.- .. .

o-.;_.___ ..............................................................................................
-0.0-¢).0 0:1 0:2 013 014 015 016 017 0.8

SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR RF3
5TH CYCLE REVERSE

14......

12-

10-psi
N,L,"IS,0 KIPS

8"
,.......... N.L'=7..qKIPS,K=187,5KIPS/iN

.,..... ........................ ,:.:¢ts _'-"tu'_'_ N,L.'7.._KIPS,K=S6.3KIPSflN

=; 6- .-"" ......" " ..-'" N,L,,,3,BKIPS,K-187.5KiI_/IN

4" _-.,-_z:L_ ......... .,..-_ N,L,'7.q KIPS
' - - - - ......... "'_''" "_,. N.L,='3.8KIPS,KuS6.3KIT_N

-'2__._

N.L.=08KIPS
_ --i_

Alh

v_-°d,1..........0.0 0.1'....... 0.2'...............0.3'.... 014 -_-nV..5 ' 0'6' ...................... 0'7' 0.8

SHEAR DISPLACEMENT (IN)

DILATANCY RF3
5TH CYCLE REVERSE

0.16

0.1
N.L,=0.8

0.1

z o._

r..,,j N.L,,,3,8KIPS
z

N.L.'=3,8KIPS,K=i8,8 KIPS/IN0.06" ,_" N.L-3srtn.K-S_3_SnN
N.L,nT..qICIP3

N,L.=3,11KIPS,K-187..qiCdPS/IN

N,L.=?J KJI_. K=$6,3KIPS/IN

......_"N,L,=7.$ KIPS,K=187,$ICeS/iN

.::::::"::."" N.L.,,I$.0 KIPS

).0 0.1 0.2 0.3 0.4 0.5 0.6 0,7 0,8
SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR RF4
1ST CYCLE FORWARD

15...........

12

N,L" 144 KIPS

N.L."7.2 KJPS,K, 179.9KIPS/IN
wjf

N.L.-7.2 KIPS.K,S4.0 KIPS/IN

N.L"i0.A KIPS

N.L.m_.6KIPS.K'179 9 KIPS/IN

6
N.L-L6 KIPS.K,tS4.0KIPS/IN
N.L.s7.2KIPS

NL.13.6 KIPS.KmlgOKIPS/IN

3
N,L,,16 KIPS

NL_/7 KIPS

0.1 0.2 0,3 0,4 0.5 0.6 0.7 0.8
SHEAR DISPLACEMENT (IN)

DILATANCY RF4
1ST CYCLE FORWARD

0.1

0.08" __"'N N'._7Km.L.".t.6KIPS

._."_""- NL.'3.6 KIPS.K" IlL0KIPS/IN

_,, ,o.,...,_,_ N.L.m?.2KIPS.K,,S40 KIPS/INN.L.a3.6KIPS.Ks179.9KIPS/IN

_" 0.04" ---_"- Nt..,uaKmS

t_ __ K-179.9

N.L.wT.2KIPS. KIPS/IN
Z _

....... " N.L,8144 KIPS<

040.0 0.1 0.2 0.3 0,4 0.5 0.6 0.- 0.8
SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR RF4
1ST CYCLE REVERSE

5 .............. ,L [,i iii ii iiiii i[ ii i L _ _ ._ _. . ........ _ [ ii]1 ii r_l]

,-, 12"

9", ....... NL io,,raps|/" _"'L"_--...,-_ NL,-7,2 KIPS,K-179.9 KII_/IN

"S., '''''''::'_:_ t [:[[.. . N,L..7' IfdP$ K-_I 0 KIP_dlNN,L=3,6KIPS,K,,1799 KII_/iN

6 NL.7.aK_
J

- __".'.i' ......... . ,,,L.__,_,,.K.,,o_,,,
::''"_S_°I'"I "'_ N.L-36KIM, K.IIIOKIPStlN

3. _ - NLs3,6KIMi

Li I __I_t q V | l'hll*

0 ............ - ' .... I _.......... r_ - -- - v ...... --_-- _ I'_.0 oi_ 0.2 0.3 o'.4 0.5 o.e o.7 ,,.8
SHEARD_SPt.ACEME_(IN)

DILATANCY RF4
1ST CYCLE REVERSE

0.1 .... ............... -.... - ........

0.08 _,._ / ,,,L.o,,,,_
_' 0,06" N.L"].6 VJP$
_,, .,_J" ...,,r,_,_,_b'' N,L,-3,6KIPS.K, III.0 KIPS/IN

/ _.....,..,_ N.L.=3,6ICI_, K=540 KI_/IN;" 0,04- ./ ___,_'t'_....-'.'S"._--._._" N,L,,,3.6K,I_.K,.1799KIPS/IN_r.2 _" _..,,r,._"_--.. ":.'-'''''" _ N,L,=?,_KIPS,K,,540 KI_$/IN

/ '__.-_'-_ ._.-,.,,_,,,,,.,,,,,,,,,,_N_,,=14,4

,. -_lC'r'" .... ,,.:__.__ ..........0" ...,,,.,-6i_c......r._ .....................................................................................

-0.02-

-o.,,.,,°_'_o.a.......o._' ........o._' ,',o.4 ,,.,, ....o.s' 'o,7...................0.8
SHEARDISPLACEMENT(IN)

A2,- 32



CYCLIC SHEAR RF4
2ND CYCLE FORWARD

_ : _:--: ::: - , _ t ,,,,,,, i _--- :: : ,r,_,, i _: ' ,:, t , i, ,

12-

9 ............ --_ ' -"---_'-----""--- - _ N,L,=I44 KIPS

,.-_ NL,*?,."_KIPS,K=I 7t_9KIPS/IN
...... : ......... _ .................. N,L=?.2KIPS,K"._40 KIPS/IN

NL • 10HKJPS

6" NL =._bKIPS,K=1199 KIP_dtNNL.I6 KIPS,K-._40 KIPS/IN

3" .,,.::-v..,...--,,,,,_;;;,';,_;_:-.'.::.'.:::'..'.:"'-............................ ----.-,N L ,J6 xo,s, K.IS()KIPSa_
N,L"_ 6 KiPS

_Ila1111_"l_l_Jllllm_ 1,11 ,i, ........ l ,FIIr ............ : : ..... "....

......: ......-:::- , - ....................... NL_I '7KIPS

0.1 0,2 0.3 0.4 0.5 0.6 0.7 0.8
SHEARDISPLACEMENT(IN)

DILATANCY RF4
2ND CYCLE FORWARD

0,08 NL'=0 ?KIPS

____._S N,L,I]0 KIPS

0.06" ,,L..3,0_ K,I,,)KmSa.

N,L.,,)6KIPS.K.34 0 KIPS/IN

_-'_ ...:>.,s=''-- N,Lo?,2 KIPS, KwM.0KIPS/INN,L=?,2 KIPS

0.04- ...,_-_'.,,._"-':"::.-__NJ.,.I],6 KIPS,K" 179,9KIPS/IN":" .,'

._.._,::'_:::.._ N.L..-7.2KIPS,Kw1799KIPS/IN
0.02" ""'' "':_':'""

z_::"" N.L.,,144 K._/IN

O-,_..,:.-....:.y,..... .................................................
-0.02-

•,0.0',.,,.,..,4n-_n ..... 0,I'................0:2 0,3_.........0.4'........ 0.5'........0:6 ...............0:7-.....-....0.6
SHEARDISPLACEMENT(IN)

A2-33



CYCLIC SHEAR RF4
2ND CYCLE RE_RSE

1 _ , ,: illlflll - 11111 ii i i1[[ _ i[111 _ _ - iiiii i11 _ s.... .......... ._ llTilll!llliJ-

12"
plh,,

N.I..=14.4KIPS

............ NL,s 108 KIPS
--- ' -'"_--"-- N.L,"/.: KIPS,K.1799 KIPS/IN

o o e _..., m.,e,m,. N. v_l.._m%

_t.,..,,"t."._.... -'.','," . N,Ls7.2KIPS,Ks$4,0KIPS/iN
_I_ 6" . ............ ,="-_' ,, ".................. _ N,L-1,2 KI_

,mi_,, eo_*mod'

imm 0,_ *e _ _,.. j.o m o

i " ...-"° " . ,........ N,L=),6 IUP$,K=J40 KIPMN..<.__,, ....•...... .......,................. .
N.L,w3.6KIPS,K=II,O ItdP$/IN

._ _; .... ..... . -- ,................ _.......... , ..... N,L.=0,7 KIPS

_ _ 111 i i i I n]lfi i i ii iiii I[I -- i1[ _ i --

. 0.1 0.3 0.4 0,5 0.6 0.7 0.8
SHEARDISPLACEMENT(IN)

DILATANCY RF4
2ND CYCLE _VERSE

t : .:_t __ _ _---:-_ _ : -,,_,,, _ .....
]

|o

0.08

_ o.o6. _ ,,L._,,,,.

_" N,L,-),6 KIPS
....__.,_ N.L,'3,6 KIPS,K=I I,OKIPS/IN

0.04" ._ _""'T. N.t.,.3,6Kin,K._,OKeS_

O.02- /__ "';.:::-'S._.:'--,o,_K_,,,_....___-'" ........
0 ......::.... _-"..-'-

................................. .............................
I

.0.04,1,,.0.........0.1'.............0._-'............0.3'...................0'.4 o.s'.....0',6- 0.7'_- o.e
SHEARDISPLACEMENT(IN)
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CYCLIC SHEAR RF4
3RD CYCLE FORWARD

DILATANCY RF4
3RD CYCLE FORWARD

01-............... ...................... ................................

/
0.08J N L 1,0/1 KIPS

_.,_'*" N,L =3b KIPS

0.06" ...f_." ,,,L..,KU.SK.,.0_,'.,,
"_ ...,s'_..f _ ...._,_"- N,L=?,: KIPS, K=34,() KXPS/IN

>" 0.04" ..,_-..,......r _i- ... Nt.-7=X.'s
._...f....""- ..._'_" N.L._6K.'S.K.m_K.'S_N

' =::,,'_ _ N.L.,?.2 KIPS, K=1"/99 KI_S/IN

o. _':"":'__ .......

-0.02-

_0_ 04 __ ............. - .... r,,, __;:-_-! ...... l _ . i tl L l

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
S_ DISPLACEMENT(IN)
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12-

mill
,-- 9.

, ............. _, ...... NL*IO, I
I I

]

,. ........ _ N.L.,?.2 KIPS. KmI_Q KIPS/IN

IIi

m,] _ ...... .1m,,..,tt=::: .............. N.L.!? ] KIPS K"_4.0 KIPS/IN

................. , ............... _*-" ...... _ .-,;;C,q =eeM............. ..,,L.-_ N,L=:I,6 KIPS. K=1'/9,9 _N

'" ...... ,. __ NL =10 IUPS, K"_t 0 _N
............ , ..... "..... N.L =J.6 KIPS

.,_r._ _,,,4_:._: ...................................... N.L.,ia KIIP$. K, IlO _N

............ -............ NI..O'_KIPS
I,
.0 0,1 0.2 0.3 0.4 0.5 0,6 0,7 0.8

SHEAR.DISPLACEMENT(IN)

DILATANCY RF4
3RD CYCLE REVERSE

0.1 ....................... ' ...... ............. ............ _ _= _--.........

0.081

./.it"" N.t.,,o.7K,,s
_' 0.06 /..I _" N,LJ).6 KI_

= 0.04. _ ._.<_._._..,.,,.,.,,,o,_.
/ _-_...--_N.,..3,6u.s,x.-,o,c.,.N

.< _" _.f_._.r.',:;'a'-- ..._ N.L,.=7,3 KIPS, K,_",0 KiI_N_ ....._...__...._ _.,.,.,_.,,0.02" / .,,-.___ _i,..,o_x._
/ ____......_..... ....._,¢a-,._- _..-" o-/_.,¢dr... _

0 ........._ ....... _ ...................................................
. ,'............_-__ _..--'-"_ ,.t...,,,_,_

-0.02-

-o.%,n-'_...........o:1................o,_.........o._......o.,.... ...........o.s' o._'.....--o:r..........o.s
S_ DISPLACEMENT(IN)
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CYCLIC SHEAR RF4
4TH CYCLE FORWARD

_, ---" fllrllllllld _ .... : ..... _ ...... n1111.............. :11 - ::: " r, .......... --

12.

N.L, 144 KIPS

N.Lm?2 KIPS K-1799 KIPS/IN

-- , ,........... _- ............. ....... |-.,o :, --- _ N,Lm?,2 KilnS, K _4,U KIPS/IN

.,. _,_ I*_.'°.. ..wo 0

............................. ......o.,O"" ..._ N.L.e).6 KI_. K, 179 9 KIPSAN

.............. . ....... " N k ==),6KIPS, Kw$40 KIPMN
. ............. N,L,=7.2 KIPS

l 4 eo ,id,le eo eOe_ee,o eleelli*

3" . ...... . ............ .... --_. N.L.=15 KIPS, KmIII,O KIPS/IN• *,,1 _, o t*t =,= ' 11'j '= ='='= _' I°'" "*='

_e#m_edr,lfll°._,,,.,,*_,*,=,',..,','-'* "

....._ "!,*'_" - n,l.,._,aKits
i [ ....... _:: .......... .... --- Ill'l I _Jt I " .................. .

.... , ...... ---- , ...... -- ,: - ........... :_ N,L,K)? KIPS

0 ....... " --- [: irl _L I IIIf_ Ill| I - ..... IIII I Illl_I .... 1 ITI[[III_o ol o.2 o,3 0:4 o'.5 0.6 or o.8
SHEAR DISPLACEMENT (IN)

DiLATANCY RF4
4TH CYCLE FORWARD

ii iiiiiii i ii i]11 iiiii
|

0.08

NL.=0.7 KIPS

0.06" /NL.,°K_,N,L,=],5 KIPS. K'IIL0 KIPS/IN

0,04" _._*/ .,#,*,_- N_L,=?,?.KJ]PS,K=S4,0KI_/IN/ .-..'.;..- •

0,02" tf_/_,.,,_'.:='__-'* N.L,=?,2 KIPS, K=1799 KIPS/IN0. .... .......................................,,,-:.::_ .__-
-0.02-__'_

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
SHEAR DISPLAC__ (IN)
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CYCLIC SHEAR RF4
4TH CYCLE _VERSE

:::-- -- ,,,,____, ,, _ -.... ,_ . -- _ .... ,...........,, - ,L,t .... , , , ,,,, ----_,,,, _- : ,J, _ ,,,,

12.

NL= 14,4KIPS

N.L.10,1 KIPS
_-_ _ }nt. i _. ii ii i i,l,,,,i __

6" . ............ ,,,..-_ N.I,..-?,2KIPS,KII79.9 KIPS/IN

........... 1::. 'w''''''_' ............ "'.,.._ N,L,=?,_KIPS,Kraft4.0KIPS/IN

' w, o*'" 'I' ° 'P'_'_ ,mill........ ...- .... NJ... 3.6KI]PS.K, I_ 9 KII_/IN

........... . ......... N.L.,i.li KI_, K,.S4.0KIPS/IN
,i,_------.,.,,,,,...,_ .... ,,. ,:..:.-,: ............. _._,..-.. ...... N,L, 3,6KIPS

3" .vzz_"_tiw:_l_.:::._.m. -'j_'_::,'r'r'rJ'_';''" .... "-.... "_"-'": .......... _ N,L,.},6 KIPS,K,,,II.0 KIPS/IN

...... -- ........... _: __- .. , _ -__ ... N,L=0,? KIPS

-i! i r J, r , ,,, :

0.0 0.1 0.2 0.3 0.4 .5 0,6 0.7 0.8
SHEARDISPLACEMENT(IN)

DILATANCY RF4
4TH CYCLE REVERSE

0.1_ .......... .....__ .......... ...................... _ ......... _

0.08
_ N.L.,.0,7KIPS

_, o.o6-
_. _" N.L.,,I.6KIPS

"''"/ / f"_.....""S.- N,L,._,6Ka,s,K._,_,o_aN
/ / _.';_,._."_'_._" N.L.13.5K,I_PS,K=179.9KIPS/IN

I / _...-:::..'-.....,_._._.,.o.<..,,..,, ,0.02-_ / __"':"" ._.-."-- N.L.,.lK_'S I
/ _ _< .j_ .....y'__.. _.L..,o,_s i

o o .............................
-0.02 "' ' '

-0.04 ........ _............., ..........._-..... , - - -, ,..........., .... .....,
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

SHEARDISPLACEMENT(IN)
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CYCLIC SHEAR RF4
5TH CYCLE FORWARD

15

12-
C¢1

'_' 9"
_"_-"_"_="_ _- N,L,=14.4KIPS

_. ., N.L.=7,2KIPS,K=54.0KI_/IN

--" ........................ N.L,=10.BKIPS....... N.L,=3,6KIPS.K=179.9KIPS/IN

.- ....... ".... " N.L.=3.6KIPS.K=_,O KIPS/IN
C#'J ........... -_-"-"_ N,L.=7,2KIPS

..... -......_2_..... -:-...... :"3- .... :.-.......... . ............. _ N,L,=3,6KIPS.K=i8,0 KIPS/IN
:,.._,,_w---.'._r_'- .............................. N.L=3.6 KIPS

N,L,=0.7KIPS

°0.0 0._ 0.2 013 ¢4 0'.5 0.8 0.7 0.B
SHEARDISPLACEMEm'(_N)

DILATANCY RF4
5TH CYCLE FORWARD

0.1

0.08-

N.L,=O.7KIPS

_, 0.06" _ NL-,6_?_ N,L, 3.6 KIPS.K 18.0KIPS/IN
__ N,L.=3.6KIPS,K=54.0KIPS/IN>" 0.04- ' --"__) ....-::,;''" N.L,=7.2KIPS, K=54,0KIPS/IN

Z "" _'_ N.L.=3.6KIPS,K=i79,9 KITS/IN

0.02- "'' _ NL.io.sKsps
.._o_, ." ..._._=

N.L.=14:4KIPS

-0.02j

"0"04_0 011 0'.2 013 014 015 016 017 0.8
SHEAR DISPLACEMENT (IN)
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CYCLIC SHEAR RF4
5TH CYCLE REVERSE

15

12"

N.L-14,4 KIPS

_ N.L,=I0.8 KIPS

_ .....

6- N.k,-,7.2KIPS.K=54,0KIPS/IN

................................ _"_ N.L.=7,2KIPS
.................................. _ ......... - * N.L,-3.6 KIPS.K=179.9KIPS/IN

.e...- o-''

....... N.L'3.6 KIPS.K'N.0 KIPS4N.°,B"

- _...... -J-'-"" ............... _ N.L,-3,6KIPS
3" ..._..._...-__..e._......_t_.._c_'4i_..._=.'.-".'.'::__......................... _ N,L'3,6 KIPS.K"IS.0 _N

.,,..-I.'.. "° .,...., ...---°

,._, N.L.=0.7KIPS

°0!0 0._ 0'.2 o'.a 0.4 0:5 016 0:7 0.8
SHEAR DISPLACEMENT (IN)

DILATANCY RF4
5TH CYCLE REVERSE

0.1

0.08-

N.L.=0.7KIPS

0.06- _ .
_. J _.. N.L. 3,6lEES
;;"0 04- _ _ N.t..,3.6EroS.K-IS0Kn,S_N
Z " / _.,,--"C7,...-':.2_"_NJ..-_.6K_.K-,.0K.n'SnN

< _ j'_..-..,_' ......-"- ... N.L.-7.2K_S
,.j __.,.._ .... ..--'" _ N_.,-10,8KIPS

0- _"- "'" o°° °°...,,.. °... o°.....°..°..°.....,,°...°...°o........
. ...-'-"

-0.04 , , , , ......., , , , ,
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

SHEAR DISPLACEMENT (IN)
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APPENDIX A3

PEAK & RESIDUAL SHEAR LOAD TABLES

SAMPLE DESCRIPTION PAGE

RG2 Constant Normal Load, Forward Direction A3-1

RG2 Constant Normal Load, Reverse Direction A3-2

RG2 Constant Normal Stiffness, Forward Direction A3-3

RG2 Constant Normal Stiffness, Reverse Direction A3-4

RF2 Constant Normal Load, Forward Direction A3-5

RF2 Constant Normal Load, Reverse Direction A3-6

RF2 Constant Normal Stiffness, Forward Direction A3-7

RF2 Constant Normal Stiffness, Reverse Direction A3-8

RF3 Constant Normal Load, Forward Direction A3-9

RF3 Constant Normal Load, Reverse Direction A3-10

RF3 Constant Normal Stiffness, Forward Direction A3-11

RF3 Constant Normal Stiffness, Reverse Direction A3-12

RF4 Constant Normal Load, Forward Direction A3-13

RF4 Constant Normal Load, Reverse Direction A3-14

RF4 Constant Normal Stiffness, Forward Direction A3-15

RF4 Constant Normal Stiffness, Reverse Direction A3-16

A3 -i



Peak and residual shear loads for RG2 samples,

constant normal load, forward direction.

,,, , ,, i,,i,,,, ,, :__:___ _::: _ ......... ::___:_r,, ,J.,J ...._,....

Cyc ie Cons tant Peak Residual Shear

Normal Load Shear Load Shear Load Stiffness

(kips) (kips) (kips) (kips/in)
...... ................. . i,|, , ,, i, ,, , , ..... ,...............

ist 1.3 1.7 1.0 24.6

Forward 6.4 6.5 4.9 323.6

12.8 13.4 10.9 4688.0

25.6 24.2 18.0 512.7

2nd 1.3 1.5 1.2

Forward 6.4 5.6 4.7

12.8 11.5 9.6

25.6 18.2 15.8
,.., .,,,,, , ,,, , ,.,,,,.,_ , , |,, , ,

3rd 1.3 1.4 i.i

Forward 6.4 5.7 5.6

12.8 - -

25.6 14.7 12.1

4th 1.3 1.4 i.i

Forward 6.4 5.7 5.5

12.8 - -

25.6 - -

5th 1.3 1.3 1.2

Forward 6.4 5.8 5.5

12.8 - -

25.6 - -

" ' '"' "' ' i f,,,,, : ,' ,,,,' _:r "_'" ......, ._:

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm
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Peak and residual shear loads for RG2 samples,

constant normal load, reverse direction.

Cycle Constant Peak Residual Shear

Normal Load Shear Load Shear Load Stiffness

(kips) (kips) (kips) (kips/in)
i, i , .H . , ,r...............,.,, ,, ---

ISt 1.3 1.3 0.9

Reverse 6.4 5.9 5.2

12.8 9.9 9.1

25.6 20.6 19.9

2nd 1.3 1.0 0.9

Reverse 6.4 5.4 5.0

12.8 9.6 9.3

25.6 19.8 18.2
i =,....... , |, i ,,,, ,.,, , .......

3rd 1.3 1.0 0.9

Reverse 6.4 5.6 5.4

12.8 - -

25.6

4th 1.3 1.0 0.9

Reverse 6.4 5.4 4.8

12.8 - -

25.6 - -
h.............. , ., J,

5th 1.3 1.0 0.9

Reverse 6.4 5.6 4.9

12.8 - -

25.6 - -

.... :J , 11 i ,r ,,,,

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm
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Peak and residual shear loads for RG2 samples,

constant normal stiffness, forward direction.

2] - ................ I L L , .... i...... i ........ IL,rtl...... _....... , ,, !' l',,,,l,,,nZ,' ' ,,,.i _I.,,I' " i[ ..................... .J,r ,

Cycle Initial Constant Peak Residual Shear Load

Normal Normal Shear Shear at 0.4 in

Load Stiffness Load Load Shear

(kips) (kips/in) (kips) (kips) Displ.

(kips)
.......... , , , , i, j r, r i, " : ...........: __ :::_

ist 1.3 32.0 2.5

Forward 6.4 64.0 8.70

2nd I. 3 32.0 2.0

Forward 6.4 64.0 6.7
- , : ,i , • ,,,, , ,, , .....,.,,,.........,. , _11

3rd i. 3 32.0 l. 7

Forward 6.4 64.0 5.8
, ,.,r., : ,. j :J J, r ,

4th 1.3 32.0 1.4

Forward 6.4 64.0 4.1 3.5
-_-,,, I , , , ,u , ..................................... ,i

5th 1.3 32.0 1.5

Forward 6.4 64.0 1.2
............... i ' ', J ,,,J,,, ,....... J, L_ItJ' JtH, ...... ! _J...... qt,[ JJ ,[Jl[,!,,.................. 2 L T J IIL7 T q ill _

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm
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Peak and residual shear loads for RG2 samples,

constant normal stiffness, reverse direction.

_L ...... lllJJl ILl Ill ,,, __ IILI IUll II ''

Cycle Initial Constant Peak Residual Shear Load

Normal Normal Shear Shear at 0.4 in

Load Stiffness Load Load Shear

(kips) (kips/in) (kips) (kips) Displ.

(kips)
. - [ .... , ........ ........................................... L !l ...... 11llllm,iTr, 1,

ISt 1.3 32.0 I.i

Reverse 6.4 64.0 4.5
_ _,,i,,,, ,J, _: . ..... ......... L_ Jl ...............................

2nd 1.3 32.0 0.8

Reverse 6.4 64.0 4.1
....... ,,,, _,

3rd I. 3 32.0 0.8

Reverse 6.4 64.0 3.3
: ]]nl rll I,I L: . : J: : m ,_ _ _ .... ,, , I}11! I ,

4th 1.3 32.0 0.8

Reverse 6.4 64.0 2.3 1.3
_. L .,, i i , r., I I f - , _ I l .......... I.......................,!,. .... _ _....

5th i. 3 32.0 0.8

Reverse 6.4 64.0 0.5
, Hill II II I III " I "' '' '"'" ' ' ""'1 1 ,,lllllrll,l I II II I _ '11 I IIII 1, I I ,UL± 11 ,

Note: 1 kip- 4.45 kN, 1 kip/in - 1.75 kN/cm
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Peak and residual shear loads for RF2 samples,

constant normal load, forward direction.

........ "' ........!_l'r',,,!n,_,'' ' ' ' ..... " .................. i i ' i i,ll,,ii ,, iliL

Cycle Constant Peak Residual Shear

Normal Load Shear Load Shear Load Stiffness

(kips) (kips) (kips) (kips / in)
.......... ,..... , _ , , ,H ,, r, I r,, , ,, , ..... ...... ,,, r ._ ,'" .m

ISt 0.6 0.7 0.3 186

Forward 3.0 2.9 i. 8 138

5.9 4.9 3 .I 183

11.8 9.1 5.9 561
.,,_ ,...... ,,,,,,,_, IL L i i ,,,,,,,11ui_l,,Ll,l,,r,lj: __

2nd 0.6 0.3 0.2

Forward 3.0 2.0 1.5

5.9 3.2 2.7

11.8 6.1 5.3
-,,.,, ....... i,i,.i lJ.......i,,,,,,__ ,,_m_

3rd 0.6 0.3 0.2

Forward 3.0 1.9 i. 5

5.9 2.9 2.6

11.8 5.5 4.9
..........,,, ,,,,,, , , ,H,, "" _ , , , .... ,i,., i '"I ' .. , ...... L__

4th 0.6 0.3 0.2

Forward 3.0 i. 8 I. 5

5.9 2.8 2.6

11.8 5.1 4.7
...._,,, ,, ,,L ,,,,,,,,,,,,,,, ,,,,,, _ _ ,L,,,,,,,JL I L,i__ ,...................

5th 0.6 0.2 0.2

Forward 3.0 i. 7 1.3

5.9 3.0 2.5

11.8 " -

Note: 1 kip = 4.45 kN, 1 kip/in - 1.75 kN/cm
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Peak and residual shear loads for RF2 samples,

constant normal load, reverse direction.

Cyc ie Cons tan t Peak Res idua i S hear

Normal Load Shear Load Shear Load Stiffness

(kips) (kips) (kips) (kips/in)
.. __:, ,,,,,,,,_. ......... - -_ :_- ---___c,.,_.........._:_ c- _ .......: ,_, ,,,_- ,,_,,,_,- _" _ ........ J ...................... _ .....

ist 0.6 0.6 0.2

Reverse 3.0 2.3 i. 3

5.9 :3.8 2.4

11.8 7.5 5.0
_ - , _ _ 1,_,,_,,,,_ i i .c f ................................................. ' _ ..........

2nd 0.6 0.5 0.3

Reverse 3.0 I. 6 1.2

5.9 2.6 2.2

11.8 5.0 4.6

3rd 0.6 0.5 0.3

Reverse 3.0 i. 4 I. 2

5.9 2.5 2.2

1i.8 4.5 3.6

:. _....._.. ___i :_ .__ .............._ .m . _.... _. [ ...... z _--.. _ _ _ _ ........ - .............

4th 0.6 0.5 0.3

Reverse 3.0 I. 3 1.1

5.9 2.3 2.2

II. 8 3.7 2.7

5th 0.6 0.4 0.3

Reverse 3.0 1.3 1. i

5.9 2.3 1.7

II .8 - -
II _ I ' 'J I [ I I IIIII "" "' ' JJ ''" ' ' ' ..... ' jj ' ' l]q'll]111' '1

Note: 1 kip - 4.45 kN, 1 kip/in - 1.75 kN/cm
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Peak and residual shear loads for RF2 samples,

constant normal stiffness, forward direction.

iiiii i iii i ii J I

Cycle Initial Constant Peak Residual Shear Load

Normal Normal Shear Shear at 0.4 in

Load Stiffness Load Load Shear

(kips) (kips/in) (kips) (kips) Displ.

(kips)
1_ , _ lJ_ , _ L-_ . [ -- [[ , i, i[1 i,, ,][[,11 _ ,, , .... ]:, _ ,][], .............. _ ......... _ T t ::

ISt 3.0 14.8 2.4 1.8

Forward 3.0 44.3 2.8

3.0 147.7 4.7
__ i. ,,i I .......... J ............... :........... I,T .... ----- -- --

2nd 3.0 14.8 I. 9 i. 7

Forward 3.0 44.3 2.3

3.0 147.7 3.8
._ i,[111 . i .._L i , . ill]l ................ i. ..... : .................. _. --- _ £ .__

3rd 3.0 14.8

Forward 3.0 44.3 2.0

3.0 147.7 3.6
,i j [ji1 ..... ,,,,,, i i,,,,, ...... rllrlll " T--- _ ..... , i, ,i!i, _

4th 3.0 14.8 1.7 1.6

Forward 3.0 44.3 i. 5

3.0 147.7 3.6
_, ,,, i ...... i ........... ,,,, - -- t ,,,f,, ' - ,,, ,ii,,,,, i,,,, __

5th 3.0 14.8 1.7 1.5

Forward 3.0 44.3

3.0 147.7 3.6
,, , , .... ,,,,r ' "' "' " ' ''" I ............ I IIIIIIII....IIIII'_ --

Note: 1 kip- 4.45 kN, 1 kip/in - 1.75 kN/cm
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Peak and residual shear loads for RF2 samples,

constant normal stiffness, reverse direction.

,,,,,, , L , ,,,, ,,,,.... ,JL_ I[11 III .............. ................. _ IlL _ III LIIII I LI....... _ I I,1i1111111If ...... i ..... II - .......

Cycle Initial Constant Peak Residual Shear Load

Normal Normal Shear Shear at 0.4 in

Load Stiffness Load Load Shear

(kips) (kips/in) (kips) (kips) Displ.

(kips)
ii _ i:1 -- - _ - ................... : .............. , .....................................

1st 3.0 14.8 2.2 1.1

Reverse 3.0 44.3 2.0 1.4

3.0 147.7 2.4 1.4
_, i i,rm ....... ,hi ..... r : _ ±_L,,I................. _......... : ---_ _ i ,, ........ I ,,,

2nd 3.0 14.8 1.8 1.2

Reverse 3.0 44.3 1.8 1.4

3.0 147.7 1.7 1.2
.......:: - .... __ ,, • ,_,i_.i 1,1f ir r if , -_ z -7 , , [,ui,, __ i,l ,,l,, , , , ,,,,,,

3rd 3.0 14.8 1.6 1.2

Reverse 3.0 44.3 I. 6 i. 3

3.0 147.7 1.6 1.2
" ; i_ ii iiL_ ..... • , ill .... _ . --_ _ .......L.[[r_imnrn, --- - " __£! Jr!!,-,lll __ _JL. _ ___ -....._ " .:z_ _l,ii ; : _ ":.... _

4th 3.0 14.8 I. 6 1.2

Reverse 3.0 44.3

3.0 147.7 1.6 1.3
- - 2 ifilli[ i i Ji_ -- __ ........ : i iiii___.:ii i ....1

5th 3.0 14.8 1.6 1.2

Reverse 3.0 44.3

3.0 147.7 1.6 1.2
' ' ' " "' ""' , II L HH, , , llirii._ ........ ,,l......-

Note: 1 kip = 4.45 kN, 1 kip/in - 1.75 kN/cm
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Peak and residual shear loads for RF3 samples,

constant normal load, forward direction.

HH, _ J i I [ .... Ill illl......... _ i[[inl IIi i .........................................

Peak Residual Initial

Cycle Normal Load Shear Load Shear Load Shear

(Kips ) (Kips ) (Kips ) S ti ffness

(Kips/in)
.... J! l ,,,, -_............................ n m • _.... s,,irr u ] i :T _._ - L ..............

1St 0.8 1.0 0.3 167

Forward 3.8 3.3 2.2 1620

7.5 6.5 4.4 849

15.0 10.9 8.5 866
_____1 ,,,i dn. ,,, i ],i] [ ,II ,, L I r/llrl II! ..... J ..............

2nd 0.8 0.6 O. 3

Forward 3.8 2.6 2.0

7.5 4.9 3.9

15.0 8.0 7.0
L

3rd 0.8 0.6 0.3

Forward 3.8 2.5 2.0

7.5 4.8 3.5

15.0 7.7 6.4
_ l_ _l]_ __ ' I IN , II I I , Z_ Ill II . I,, I, Jl, _- ,, _ _ J_._ lfll,ll,[ ....... ,..... --

4th 0.8 0.8 0.4

Forward 3.8 2.5 i. 9

7.5 4.7 3.4

15.0 7.8 6.6
,, i.... ,,,, t, u,,,,,, , i l,,,, , u , L.... ,u,,,,,_. ,,,,,. l - , ........ T l,,,

5Bh 0.8 0.5 0.3

Forward 3.8 2.5 1.9

7.5 4.5 3.3

15.0 7.8 6.5
IP ,,tii IIIIIIII [I IIII .... I IIIII .... I IIIIII ..................... I II I

Note: 1 kip ,, 4.45 kN, 1 kip/in. 1.75 kN/cm
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Peak and residual shear loads for RF3 samples,

constant normal load, reverse direction.

H, _ ,............ i...........i L ......................... ...............--- .... :h

Peak Residual Ini tial

Cycle Normal Load Shear Load Shear Load Shear

(Kips) (Kips) (Kips) St i ffness

(Kips/in)

1St 0.8 1.3 0.4

Reverse 3.8 4.4 2.3

7.5 7.4 4.7

15.0 12.5 9.2

2nd 0.8 0.8 0.4

Reverse 3.8 3.4 2.3

7.5 5.4 4.1

15.0 9.7 7.8
J_L-- ,m ,,11 __ ,1,,,,1!,I I I IlL ' "1" l[ '! I , I ___4-,, : J I I I II,llllr i , ,,1,,,,1,, , ,fiB,l,, -'--_ ,

3rd 0.8 0.7 0.4

Reverse 3.8 3.2 2.2

7.5 4.9 3.9

15.0 8.9 7.7
rl, , II ,:LJ/ I , 2// R II] ,1 ][]llft ' ..... "-- : l ,,1 , ,,,,,,1,, , , I_ ][ i

4th 0.8 0.7 0.4

Reverse 3.8 3.0 2.3

7.5 4.7 3.8

15.0 8.9 8.0
_i .... • - £ _- i,,1 ,,, I,1[ i, ] : . i i i ilill, .... i, , , ,, ,Hill , .... 2 ,,,,rl, ---

5th 0.8 0.7 0.4

Reverse 3.8 2.9 2.3

7.5 4.5 3.8

15.0 8.8 8.1
' '"' ' 'I I . I :11

Note: 1 kip - 4.45 kN, 1 kip/in . 1.75 kN/cm
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Peak and residual shear loads for RF3 samples,

constant normal stiffness, forward direction.

___ ..... ,,,,,_ i,,, __ i_i,i,,,,,,,,L__ _

Cycle Initial Constant peak Residual Shear Load at

Normal Normal Shear Shear 0,4 in

Load St i ffness Load Load Shear Di spl.

(kips) (kips /in) (kips) (kips) (klps)

let 3.8 18.8 3.1

F'orward 3.8 56.3 3.9

3.8 187.5 5.3

7.5 56.3 7.6 6.4

7.5 187.5 10.2

2nd 3.8 18,8 2.4

Forward 3.8 56.3 3.4

3.8 187.5 4.1

7.5 56.3 5.3

7.5 187.5 7.8

3rd 3.8 18.8 2.1

Forward 3.8 56.3 3.1

3.8 187,5 3.7

7.5 56.3 5.0

7.5 187.5 7.1
-- __ ; l L ..... j / -- Ill]If l l _ , • IIllIUl[_j ,lillld

4th 3.8 18.8 2.0

Forward 3,8 56,3 3.0

3.8 187.5 3.7

7.5 56.3 4.7

7,5 187.5 6.8

5th 3.8 18,8 2.0

Forward 3.8 56.3 9.9

3.8 187.5 3.5

7,5 56.3 4.7

7.5 187.5 6.8

Note: i kip . 4,45 kN, 1 kip/in . 1.75 kN/cm
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Peak and residual shear loads for RF3 samples,

constant normal stiffness, reverse direction.

Cycle Initial constant Peak Residual Shear Load at

Normal Normal Shear Shear 0.4 in

Load Stiffness Load Load Shear Displ.

(kips) (kips/in) (kips) (kips) (kips)

iSt 3.8 18.8 3.9 3.4

Reverse 3.8 56.3 4.1

3.8 187.5 5.4

7.5 56.3 I0.0 8.5

7.5 187.5 10.6
,,

2nd 3.8 18.8 3.1 2.7

Reverse 3.8 56.3 3.5

3.8 187.5 4.2

7.5 56.3 7.3

7.5 187.5 7.8

3rd 3.8 18.8 3.0 2.7

Reverse 3.8 56.3 3.3

3.8 187.5 3.9

7.5 56.3 6.9

7.5 187.5 7.4
,

4th 3.8 18.8 2.9 2.7

Reverse 3.8 56.3 3.1

3.8 187.5 3.9

7.5 56.3 6.9

7.5 187.5 7 .i

5th 3.8 18.8 2.8 2.7

Reverse 3.8 56.3 2.9

3.8 187.5 3.8

7.5 56.3 6.6

7.5 187.5 6.6

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm
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Peak and residual shear loads for RF4 samples,

constant normal load, forward direction.

, , , , , , ,,,,, ,,,,, ,,, ,,, ,

Constant Peak Residual Shear

Cycle Normal Load Shear Load Shear Load Stiffness

(kips) (kips) (kips) (kips/in)
, , , ,,

ist 0.7 1 .i 0.5 i00

Forward 3.6 3.8 2.0 783

7.2 7.1 4.4 1194

10.8 10.8 7.3 830

14.4 13.7 9.2 925
f .......................

2nd 0.7 0.7 0.5

Forward 3.6 2.3 1.7

7.2 4.5 4.0

10.8 7.4 6.6

14.4 9.1 8.3

3rd 0.7 0.6 0.4

Forward 3.6 2.0 1.7

7.2 4.1 3.9

10.8 6.9 6.6

14.4 8.7 8.0

4th 0.7 0.5 0.4

Forward 3.6 1.9 1.6

7.2 3.9 3.8

10.8 6.7 6.5

14.4 8.7 8.0

5th 0.7 0.5 0.6

Forward 3.6 1.8 1.7

7.2 3.8 3.8

10.8 6.6 6.5

14.4 8.6 8.0

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm
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Peak and residual shear loads for RF4 samples,

constant normal load, reverse direction.

' "' ", ,il _ i i,I ,, , ,,,,,,-- , ,,, ' f,J l- f ,,,,ii,i,,, ,,,,, ,, , ,, ,

Constant Peak Residual Shear

Cycle Normal Load Shear Load Shear Load Stiffness

(kips) (kips) (kips) (kips /in)
,, ,,,,,,, ,,,, , , , , , , ,,, , ,,

Ist 0.7 1.2 0.7

Reverse 3.6 5.1 3.0

7.2 7.8 5.5

10.8 10.9 7.5

14.4 12.9 9.7
,in , ,,

2nd 0.7 0.8 0.6

Reverse 3.6 3.8 3.0

7.2 5.8 5.3

10.8 8.0 7.3

14.4 10.3 9.2
,, , , L

3rd 0.7 0.7 0.6

Reverse 3.6 3.6 3.1

7.2 5.4 5.0

10.8 7.6 7.2

14.4 9.8 8.9
,

4th 0.7 0.7 0.5

Reverse 3.6 3.5 3.1

7.2 5.3 5.0

10.8 7.4 7 .I

14.4 9.5 8.9

5th 0.7 0.7 0.6

Reverse 3.6 3.4 3.1

7.2 5.3 5.0

10.8 7.3 7 .I

14.4 9.2 8.8

u, , .... ,

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm
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Peak and residual shear loads for RF4 samples,

constant normal stiffness, forward direction.

' ' ',_ ' ,' ,irr,1, ,,, , ',,, , r , ,L i, ,,,,.r,........."Jl'"''J , ,r,,,,,_l,,,1 I , , ,r,,.,,,,r r ,,,, ,r,l,, _ , l ,,-, ,,i,,.,,,,,. ,,,l, , ,u,

Cycle Initial Constant Peak Residual Shear Load at

Normal Normal Shear Shear 0.4 in

Load Stiffness Load Load Shear Displ.

(kips) (kips /in) (kips) (kips) (kips)
,, J,,, ,, , ,, , ,,., ,,|L , ,,, ,i,,, ,,

ISt 3.6 18.0 4.5 3.4

Forward 3.6 54.0 4.6

3.6 179.9 6.6

7.2 54.0 9.4 7.3

7.2 179.9 9 .i

2nd 3.6 18.0 3 .i

Forward 3.6 54.0 3.9

3.6 179.9 4.9

7.2 54.0 6.6

7.2 179.9 7.2

3rd 3.6 18.0 2.9

Forward 3.6 54.0 3.6

3.6 179.9 4.7

7.2 54.0 6.4

7.2 179.9 6.7

4th 3.6 18.0 2.9

Forward 3.6 54.0 3.5

3.6 179.9 4.5

7.2 54.0 6.4

7.2 179.9 6.5

5th 3.6 18.0 2.8

Forward 3.6 54.0 3.4

3.6 179.9 4.3

7.2 54.0 6.3

7.2 179.9 i
I

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm
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Peak and residual shear loads for RF4 samples,

constant normal stiffness, reverse direction.

?q? HIll I IIII ..............i,flU i i11f" 11lflii ..........,llljlI i_]i_?i?ilzil [ IIl;]J11,1....iiii i ""'"iii_. .:'- ;!![

Cycle Initial Constant Peak Residual Shear Load at

Normal Normal Shear Shear 0.4 in

Load Stiffness Load Load Shear Displ.

(kips) (kips /in) (kips) (kips) (kips)
1 ,11111 t ,llUlrllf,,lllll,lll, ,lllIIllIr 11 ! ,ImlI,,l l,,llIll • 11111

ist 3.6 18,0 4.4 3.0

Reverse 3.6 54.0 4.7 3.9

3.6 179.9 5.6

7.2 54.0 8.3 6.0

7.2 179.9 7.2
, i,,iiiii..... , ,,, ,,,i,i , , ,iillii.i,,,,

2nd 3.6 18.0 3.3 3.0

Reverse 3.6 54.0 3.7

3.6 179.9 4.9

! 7,2 54.0 6.2

7.2 179.9 6.8
i i , , j, ,i , , ,,,

3rd 3,6 18.0 3.1 2.9

Reverse 3.6 54.0 3.5

3.6 179.9 4.6

7.2 54.0 6.1

7.2 179.9 6.4
, , , .., ,

4th 3.6 18.0 3.0

Reverse 3.6 54.0 3.4

3.6 179.9 4.4

7.2 54.0 6.0

7.2 179.9 6.2
i, ii ,iiiiiiiiii , iiii i ,, ,

5th 3.6 18.0 2.9

Reverse 3.6 54.0 3.4

3.6 179.9 4.3

7.2 54.0 5.8

7.2 179.9

, ii ,, j i,i ii, ,

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm
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APPENDIX A4

SLOPE OF DILATANCY (tan i) TABLES

SAMPLE DESCRIPTION PAGE

RG2 Slope of Dilatancy, Constant Normal Load A4-1

RG2 Slope of Dilatancy, Constant Normal Stiffness A4-2

RF2 Slope of Dilatancy, Constant Normal Load A4-3

RF2 Slope of Dilatancy, Constant Normal Stiffness A4-4

RF3 Slope of Dilatancy, Constant Normal Load A4-5

RF3 Slope of Dilatancy, Constant Normal Stiffness A4-6

RF4 Slope of Dilatancy, Constant Normal Load A4-7

RF4 Slope of Dilatancy, Constant Normal Stiffness A4-8
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Slope of dilatancy curves (tan i) for RG2 samples,

constant normal load tests.

............................................................. i .................................................................. ,_.m

Initial

Normal tan i tan i tan i tan i tan i

Load Ist 2nd 3rd 4th 5th

(kips) cycle cycle cycle cycle cycle

Forward I. 3 0.21 0.17 0.15 0.13 0. II

Shear 6.4 0. i0 0.01 -0.03 -0.01 -0.01

12.8 0.12 0.07 - - -

25.6 -0.05 -0.05 -0.19 - -
i i

Reverse 1.3 0.06 0.05 0.04 0.03 0.04

Shear 6.4 0.04 -0.02 -0.01 -0.01 -0.0i

12.8 0.00 -0.01 - - -

25.6 -0.04 -0.04 - - -
J I III 'I' ' _,, , , ,,,,,,, 1,,r ,r " ............. ,

Note: I kip - 4.45 kN
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Slope of dilatancy cu_es (tan i) for RG2 samples,

constant normal stiffness tests.

, al .... P....... ,r, _, ri,r_,,,,,,,,i,llII _]II ..........................................................................

Ini - Constant

tial Normal tan i tan i tan i tan i tan i

Normal Stiff- Ist 2nd 3rd 4th 5th

Load hess cycle cycle cycle cycle cycle

(kips) (kips/in)
_rJ : II ]::]]mill, ................. mllllt ...... _..- [

For- 1.3 32.0 0.14 0.12 0.11 0.11 0. II

ward 6.4 64.0 0.12 0.09 0.07 0.07 0.04

Shear

Re- i. 3 32.0 O. 06 O. 03 O. 02 O. Oi O. Ol

verse 6.4 64.0 -0. O0 -O. 04 O. O0 -O. 01 -O. 02

Shear
II I III I "r IIII [11 I 16 iiiIII IIIllII i ii [ , T ililTmmimm IIII FI ................ Ill -

A4 -2



Slope of dilatancy curves (tan i) for RF2 samples,

constant normal load tests.

Initial

Normal tan i tan i tan i tan i tan i

Load ist 2nd 3rd 4th 5th

(kips) cycle cycle cycle cycle cycle
........................................ ............................................. 11.

Forward 0.6 0.17 0.14 0.13 0.08 -

Shear 3.0 0.14 0.13 0.12 0.12 0.12

5.9 0.II 0.I0 0.I0 0.09 0.07

11.8 0.07 0.08 0.05 0.07 -

Reverse 0.6 0.16 0.16 0.14 0.08 -

Shear 3.0 0.04 0.03 0.02 0.02 0.02

5.9 0.01 0.01 0.01 0.01 0.00

11.8 -0.01 -0.02 -0.03 -0.12 -
'" ' - ruJ[_ ___ _ [_I_

A4 -3



Slope of di!atancy curves (tan i) for RF2 samples,

constant normal stiffness tests.

...,,•......................................................................................................................................

Ini _ Constant

tial Normal tan i tan i tan i tan i tan i

Normal Stiff - ist 2nd 3rd 4th 5th

Load ness cycle cycle cycle cycle cycle

(kips) (kips/in)

For _ 3.0 14.8 O. 14 O. 13 O. 13 O. 12 O. 12

ward 3.0 44.3 0. Ii 0. i0 0.08 0.05 -

Shear 3.0 147.8 0. Ii 0. II 0. I0 0. I0 0. I0
......................... ......... _ ,!,,mM,m ....... _ _ , .... _ .............. ,,,,,,,,.,,,,,,,,,, ,,,,,,,,, _,_,,,,_,,,,.,_....

Re _ 3.0 14.8 0.04 0.03 0.02 0.02 0.02

verse 3.0 44.3 0.03 0.02 0.01 -0.03 -

Shear 3.0 147.8 0.01 0.01 0.01 0.01 0.07
...................................... ]_lll[]llV|ll,[n I] I]11 - iiiiinnI - II Nil I TIHW,IIII_! I I n I_ [ II I

A4 "4



Slope of dilatancy curves (tan i) for RF3 samples,

constant normal load tests.

..............IIII IIJill .....................................................................

initial

Normal tan i tan i tan i tan i tan i

Load 1st 2nd 3rd 4th 5th

(kips) cycle cycle cycle cycle cycle
,,.,......... -_. ......... ; -- ...................

Forward 0.8 0.18 0.18 0.17 0.17 0.17

Shear 3.8 0.18 0.18 0.18 0.17 0.17

7.5 0.16 0.15 0.13 0.12 0.12

15.0 0.10 0.09 0.08 0.08 0.08
i._ L I[ll II[lll[i I I , _,IIIH rll [ _ JIB Ill]l ..... J[JL Illll .... I I II"]MBIml

Reverse O. 8 0.26 0.27 O. 27 O. 26 O. 27

Shear 3.8 O. 19 O. 19 O. 19 O. 19 O. 18

7.5 0.14 0.13 0.12 0.11 0.11

15.0 0.09 0.07 0.07 0.06 0.06
111i11llf_ r
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Slope of dilatancy curves (tan i) for RF3 samples,

constant normal stiffness tests.

.... ,...................................i llililili..........................i....i_ ......__0ilill_ii -_ ] .........................

Ini - Constant

tial Normal tan i tan i tan i tan i tan i

Normal Stiff- ist 2nd 3rd 4th 5th

Load ness cycle cycle cycle cycle cycle

(kips) (kips/in)
ill ] 17J ! I IIIIII ...... I r [ " IIIIrll ill _ ....

For- 3.8 18.8 0.16 0.13 0.13 0.13 0.12

ward 3.8 56.3 0.15 0.15 0.15 0.15 0.15

Shear 3.8 187.5 0.10 0.10 0.10 0.10 0.10

7.5 56.3 0.09 0.08 0.08 0.08 0.07

7,5 187.5 0.09 0.08 0.08 0.07 0.07
j,_, .. , r i r._, re.l., ,] _][ ........... ]_T!I Ir " II -

Re- 3.8 18.8 0.16 0.15 0.1_ 0.13 0.13

verse 3.8 56.3 0.16 0.16 0.15 0.15 0.15

Shear 3.8 187.5 0.11 0.11 0.10 0.10 0.10

7.5 56.3 0.09 0.07 0.07 0.06 0.06

7,5 187.5 0.10 0.09 0,08 0.08 0.07
....... I u I ulu UlUU u u ulu,, ,Iull]l,HII u11|

A4"6



Slope of dilatancy cur_es (tan i) for RF4 samples,

constant normal load tests.

, -IIi .................. filllml'lII ...... II_11.... , III

Initial

No_l tan i tan i tan i tan i tan i

Load 1st 2rid 3rd 4th 5th

(kips) cycle cycle cycle cycle cycle
Lift I 11,111li, UIIIIL],i Ii11 ....

Forward 0.7 0.14 0.12 0.12 0.11 0.11

Shear 3.6 0.14 0.13 0.13 0.13 0.13

7.2 0.11 0.11 0.10 0.09 0.09

10.8 0.10 0.10 0.09 0.09 0.08

14.4 0.08 0.07 0.07 0.07 0.06
I I i J I ,rl iii I fir iiu J ...... L J[!

Reverse 0.7 0.14 0.14 0.14 0.14 0.14

Shear 3,6 0.11 0.11 0,11 0.11 0.11

7.2 0.08 0.08 0.08 0.07 0.07

10,8 0.09 0.08 0.08 0.08 0.07

14.4 0.07 0.06 0.06 0.05 0.05
,,,,, .., , n, , ,,,nnn, ,,,rin,,Inn II11 ,,,,Tnnnlaimm I IIIIIIII ' INl -- inmnl[ .......
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Slope of dilatancy curves (tan i) for RF4 samples,

constant normal stiffness tests.

.... rllllllli11]IIIIII111.........II I!! I I I -- fill .... i11111'II m ..... .........................._ 111..........i

Ini - Constant

t ial Normal tan i tan i tan i tan i tan i

Normal Stiff- Ist 2nd 3rd 4th 5th

Load hess cycle cycle cycle cycle cycle

(kips) (kips/in)

For- 3.6 18.0 0.13 0.12 0. ii 0. ii 0. ii

ward 3.6 54.0 0.13 0.12 0. Ii 0. ii 0. II

Shear 3.6 179.9 0. I0 0.09 0.08 0.08 0.08

7.2 54.0 0.12 0.11 0.I0 0.I0 0.10

7.2 179.9 0.08 0.08 0.08 0.07 -
I 'I I I I .... : -l],_,,,,l,!_'q -- _,rr[ii I ] [ [DI I I I 2 11 I III II : ]I,I11_ ___J _ I._.___ --- j__

Re- 3.6 18.0 0.11 0. ii 0. ii 0. i0 0.10

verse 3.6 54.0 0. i0 0. i0 0.09 0.09 0.09

Shear 3.6 179.9 0.08 0.09 0.08 0.08 0.08

7.2 54.0 0.08 0.09 0.08 0.08 0.08

7.2 179.9 0.06 0.06 0.06 0.06 -
........................... [l_,llll/ll .... I --ILL_I' Iqll' " I
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APPENDIX A5

SHEAR LOAD PATH

SAMPLE DESCRIPTION PAGE

RG2 Peak & Residual Shear Load, ist Cycle Forward A5-1

RG2 Peak & Residual Shear Load, Ist Cycle Reverse A5-1

RG2 Peak & Residual Shear Load, 2nd Cycle Forward A5-2

RG2 Peak & Residual Shear Load, 2nd Cycle Reverse A5-2

RG2 Peak & Residual Shear Load, 3rd Cycle Forward A5-3

RG2 Peak & Residual Shear Load, 3rd Cycle Reverse A5-3

RG2 Peak & Residual Shear Load, 4th Cycle Forward A5-4

RG2 Peak & Residual Shear Load, 4th Cycle Reverse A5-4

RG2 Peak & Residual Shear Load, 5th Cycle Forward A5-5

RG2 Peak & Residual Shear Load, 5th Cycle Reverse A5-5

RF2 Peak & Residual Shear Load, ist Cycle Forward A5-6

RF2 Peak & Residual Shear Load, ist Cycle Reverse A5-6

RF2 Peak & Residual Shear Load, 2nd Cycle Forward A5-7

RF2 Peak & Residual Shear Load, 2nd Cycle Reverse, A5-7

K = 14.8 kips/in

RF2 Peak & Residual Shear Load, 2nd Cycle Reverse, A5-8

K = 44.3 kips/in

RF2 Peak & Residual Shear Load, 2nd Cycle Reverse, A5-8

K = 147.7 kips/in

RF2 Peak & Residual Shear Load, 3rd Cycle Forward A5-9

RF2 Peak & Residual Shear Load, 3rd Cycle Reverse, A5-9

K = 14.8 kips/in

RF2 Peak & Residual Shear Load, 3rd Cycle Reverse, A5-10

K = 44.3 kips/in

RF2 Peak & Residual Shear Load, 3rd Cycle Reverse, A5-10

K = 147.7 kips/in

RF2 Peak & Residual Shear Load, 4th Cycle Forward A5-11

RF2 Peak & Residual Shear Load, 4th Cycle Reverse A5-11

RF2 Peak & Residual Shear Load, 5th Cycle Forward A5-12

A5 -i



SAMPLE DESCRIPTION PAGE

RF2 Peak & Residual Shear Load, 5th Cycle Reverse, A5-12

K = 14.8 kips/in

RF2 Peak & Residual Shear Load, 5th Cycle Reverse, A5-13

K = 147.7 kips/in

RF3 Peak & Residual Shear Load, ist Cycle Forward A5-14

RF_ Peak & Residual Shear Load, ist Cycle Reverse A5-14

RF3 Peak & Residual Shear Load, 2nd Cycle Forward A5-15

RF3 Peak & Residual Shear Load, 2nd Cycle Reverse A5-15

RF3 Peak & Residual Shear Load, 3rd Cycle Forward A5-16

RF3 Peak & Residual Shear Load, 3rd Cycle Reverse A5-16

RF3 Peak & Residual Shear Load, 4th Cycle Forward A5-17

RF3 Peak & Residual Shear Load, 4th Cycle Reverse A5-17

RF3 Peak & Residual Shear Load, 5th Cycle Forward A5-18

RF3 Peak & Residual Shear Load, 5th Cycle Reverse A5-18

RF4 Peak & Residual Shear Load, ist Cycle Forward A5-19

RF4 Peak & Residual Shear Load, ist Cycle Reverse A5-19

RF4 Peak & Residual Shear Load, 2nd Cycle Forward A5-20

RF4 Peak & Residual Shear Load, 2nd Cycle Reverse A5-20

RF4 Peak & Residual Shear Load, 3rd Cycle Forward A5-21

RF4 Peak & Residual Shear Load, 3rd Cycle Reverse A5-21

RF4 Peak & Residual Shear Load, 4th Cycle Forward A5-22

RF4 Peak & Residual Shear Load, 4th Cycle Reverse A5-22

RF4 Peak & Residual Shear Load, 5th Cycle Forward A5-23

RF4 Peak & Residual Shear Load, 5th Cycle Reverse A5-23

A5-ii



PEAK & RESIDUAL SHEAR LOAD RG2
1ST CYCLE FORWARD

PEAK & RESIDUAL SHEAR LOAD RG2
1ST CYCLE REVERSE

25

20- PEAK FAILURE

,,_ _ ENVELOPE

o
,.d

IO"

NL.-I.3 KIPS
K-32 I_PSA N _/

s- /
y K,_4 KIPS/IN

0-
0 5 _'0 _'5 20 2'5 30

NORMALLOAD (KIPS)
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PEAK & RESIDUAL SHEAR LOAD RG2
2ND CYCLE FORWARD

25-

20-

PEAK FAILURE

N,L.=6,4 KIPS _ _-

I0- K.

5-

Oo S _'0 _5' 20' 2'5 30
NORMAL LOAD (KIPS)

PEAK & RESIDUAL SHEAR LOAD RG2
2ND CYCLE REVERSE

25-

20- PEAK FAn URE

_ 15-

_ 10-
<

N.L,.,.3KmS //

_ _ r_.L.,,6.4toms

K_64 ICdPS/IN

0,0 g 10 1'5 2_0 2'5 3(
NORMALLOAD (KIPS)
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PEAK & RESIDUAL SHEAR LOAD RG2
3RD CYCLE FORWARD

5 ........ ,, ................... -

20-

PEAK FAILURE
"" 15" _Nv_t.opE

N.L,,6 4 KIPS

10- K.= K_S/tN _ __- R_IDUAL FAILURE

ENVELOPE

ENVELOPE

U3
5-

j,,......_.__ .L.=1.3KIPS
K=32 K/PS/IN

.....

_5 1'0 ...... 1'5.......... ;_0 .... 2'5 .............. _ _

NORM_LOAD(_r'S)

PEAK & RESIDUAL SHEAR LOAD RG2
3RD CYCLE REVERSE

(5
PEAKFAILURE

RESIDUAL FAILURE
4"

t' 3" N.L.-6,4K/PSK=64KIPS/IN
,.J

r_ 1 K=32_

0 1 ;_ :3 _, ...... 5 6 7
NORMAL LOAD (KIPS)
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PEAK & RESIDUAL SHEAR LOAD RG2
4TH CYCLE FORWARD

_

PEAKFAILURE _

5-
__ FAILURE

RESIDUAL

1 7 _... N.L,.I.3KmSK_32KIPS/IN

NORMAL LOAD (KIPS)

PEAK & RESIDUAL SHEAR LOAD RG2
4TH CYCLE REVERSE

(5

J5-
PEAKFAILURE _ _,,

_ _SmUALFAa.tntE

3- _ ENVELOPE

N,L.-I.3KdPS

K-32 KIPS/IN 6.4KIPS

I- \ K-_,_s_..d

NORMAL LOAD (KIPS)

AS -4



PEAK & RESIDUAL SHEAR LOAD RG2
5TH CYCLE FORWARD

5" ENVELOPE

_ 4- c_

_ ENVELOPE

3-

r_ _ _ K=64KJPS/IN

O ........... 1 .... 2 ......... _ _ " _ S _ - .............. _ ............................

NORMAL LOAD (KIPS)

PEAK & RESIDUAL SHEAR LOAD RG2
5TH CYCLE REVERSE

_ ,, ,t, ,,

j,

_ 4. _,...
_" RESIDUALFAILURE

ENVELOPE
<

S3"

N.L.=I.3
K-n KIPS/IN

1- \ _.-.___ NL._4_s

'-- K=_ KII_/1N

o i _, _ _, _
NORMAL LOAD (KIPS)
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PEAK & RESIDUAL SHEAR LOAD RF2
1ST CYCLE FORWARD

i i

'I_.^K FAILURE
ENVELOPE

IU_IDUAL FAII,UI_

N.L.=},OIf_$
K=147.?IfJ1P$4N

{4
N.L=).0 KIPS

,c:- _,,,_ K,.44.) i(Jl_/I N
N,L ',3U K_$

1 K=I4,11If_P$/IN

0
0 2 4 6 10 12

NORMAL LOAD (KIPS)

PEAK & RESIDUAL SHEAR LOAD RF2
1ST CYCLE REVERSE

1C ............ -, ....................................... ...................... -._-

9-

8-

_ 7-
PEAKFAILURE

3J-_ . \ ..i_ _ US,DU,,a.F_Lu_

_ 10J2t _,_,._.o_s"____'"'"'_ _ _ ._w.Lo_
,,h_..............__.................4 .....6.................8 ,_......_12Ika

NORMAL LOAD (KIPS)
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L" S_'

(s_) QVO'I'1V]K_ON

_ ....o,_....__,......,................:.............:...... io_

adOl_ANg

_rd;l_lVd_Vgd "9 P'_

-8

-6

OL

NI/SdI_ 8'1;,I=N'3S_t3A3_ 37_hD GN_
_d_t GVOq hW_HS qVflGIS_N :_ NV_d

(sa_)avo77v_oN
_L oL _ 9 _ _ c.............. I ................. t ........ _................ L ................................ 1 ............ 0

Ul/_nl gI,l,_q J

_1_ o_, "1N__ "_

t:
_,4_I GVOq _Y_-IS "IYflGIS_ _ NY_d



PEAK & RESIDUAL SHEAR LOAD RF2
2ND CYCLE _VERSE, K=147.7 KIPS/IN

0 m .................. III II IIml [lfil .... i_ _ _1[ J IIIIII i1[_ ii I ii II ]1111 ..... i ..- ........

9-

8-

__ 7-
I_AK FAnURE|NVEI..OPE

4 . \

NORMALLOAD(KIPS)
A5- 8



PEAK & RESIDUAL SHEAR LOAD RF2
3R_DCYCLE FORWARD

i _ I_AK PAI_UIUE

N,L.m.%0KIPS __i

o ...... .....4 8.... _'6 _2
NoRM,._LOAD(_ar,s)

PEAK & RESIDUAL SHEAR LOAD RF2
3RD CYCLE REVERSE, K-!4.8 KIPS/IN

0" , , , ,,,t . --- __ - __ -: " ,,,,, -- _ _-_ - ,: _ : ....... J,, ,,,,,,,,, ,,,,, ,,,,, ....:

9.

8-

7-
" 6"

PEAKFAILUI_

_ _N,L,=10 K[PS _ __.._.,.--

K=14,1K_S/1N IIJ_IDUAL FAILURE

2. "_., l_on
1

0 l

' it--- ......., ,.. 4' ...... - o " ,.ka'"' ' .......10'' ' ' 12
NORMALLOAD(KIPS)

AS- 9



PEAK & RESIDUAL SHEAR LOAD RF2
3_ CYCLE REVERSE, K=44.3 K_S/IN

C _- 7 -T- ..... . ..... I il " I _ ........ in,,i, I I ...... s..... tu. _ I'_r llnr,/rin rill .j_j.jlJlI i

P|^K PALL,_I_

BNVt.J.OP|\ I

K,M43KIPIi/IN __..,,_"-- RI|IDUAL FAILUIUIL

2- BNVliL,OPE

o ........._......................" _ ............' ....................._..................¢o .......2 4 8 12
NORMALLOAD(KIPS)

PEAK & RESIDUAL SHEAR LOAD RF2
3RD CYCLE REVERSE, K=147,7 KIPS/IN

le ...... ............ ........ ,......................... . .........

9-

8-

_2 7-
1¢
" 6"

PEAKFAILURE

2.

1

0 _- _. .................................... ,.......... ...... _ .... , ..............
) _ 4 6 _..... 1'0 '

NORMAL LOAD (KIPS)
A5- 10



PEAK & RESIDUAL SHEAR LOAD RF2
4TH CYCLE FORWARD

_" 6 PIAK FAIl.URE

ENVELOPE

s NL m)0 KIPS

K=I47,? I¢_MN

NL,,3,0 KIPS RE,$1DUAL FAIL_
r._ K-_J K_ tNVILOI,It

2-

i NL,,)O KIPS
KaI4| K_/_N

4 10 1;
NORMALLOAD(I,'JPS)

PEAK & RESIDUAL SHEAR LOAD RF2
4TH CYCLE REVERSE

10- ......................................_ ......r: ....

9"

8"

7-
im

"" 6"

< 5-u,, ee^xe^_t_
,,.d ENVELOPE

- 2" ",. j,_---'-_ m_SIDU_e^n.u_

1 _.._:_ "---....L.3oK,,s
K, 14.|Kii_/IN

:--:- - i '...................

NORN_.L LOAD (KIPS)
A5- 11



PEAK & RESIDUAL SHEAR LOAD RF2
5TH CYCLE FORWARD

N,L'3,0 KIPS , __....r..11"

,., 3.5

3, VlBLOPt

PJ_IDUAL FAILURE

.._J IINVI_LOPE

"_ 1.5-

I K.,,,,K_n,,t,.

0.5

noRm_t.OAD(mr,s)

PEAK & RESIDUAL SHEAR LOAD RF2
5TH CYCLE REVERSE, K=14.8 KIPS_N

2" NL • _ flKIPS PEAKPAILUIU j#.-
_ _ m!guat,v^n.u_

<

o_
O,fi

o-o _ --2 _.,
NORMALLOAD (KIPS)

AS- 12



PEAK & RESIDUAL SHEAR LOAD RF2
5TH CYCLE REVERSE, K=147.7 KIPS/IN

2.5
PEAK FAILURE

2" N.L.-3.._ _

_ 1.5"
3

m

0.5"

0 0 i 2 3 _, 5 6
NORMAL LOAD (KIPS)

A5 - 13



PEAK & RESIDUAL SHEAR LOAD RF3
1ST CYCLE FORWAR/)

12 n^K_^tLO,_
ENVELOPE

/ _..t-"/ _ NJ,.,-3,8K/IS

j _ K-56.3 KiPS/IN

2. N,L.u3,8KIPS
Kall,8KiPS/IN

' , I

0 2 4 6 8 1'0 1'2 1'4 16
NORM_ LOAD(_PS)

PEAK & RESIDUAL SHEAR LOAD RF3
1ST CYCLE REVERSE

14

PEAK FAILURE ENVELOPE

12-

_ 10-

< L_" / _uzsmuALF^--UP.E

< / __--_--.._ Na...e.s_ars

U, 4" N.L.-3.8Igd]_
K_56.3K/I_/IN

2- _ ,<.188,_,.s/,,_
0

0 2 4 6 _I 1'0 1'2 1'4 16
NOKMAL LOAD (KIPS)
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PEAK & RESIDUAL SHEAR LOAD RF3
2ND CYCLE FORWARD

12
PEAKFAILURE

,.,10- _:_""_"_+_/_ ..

_.,--_¢_..._._._oN.L_.5Kn'_S

K-_S.Sv,ar,s/1_
0

0 2 4 6 8 1'0 1'2 1'4 16
NORMALLOAD(mrs)

PEAK & RESIDUAL SHEAR LOAD RF3
2ND CYCLE REVERSE

12'

PEAKFAILURE

1O- ENVELOPE

_ 8- K=187._/IN

ENVELOPE

_. N.L,=3,8K.IPS

/_3 K=56,3KIPS/IN2. ,8 KIPS

K,=18+8KIPS/IN

0 +
0 ;' _, 13 8 1'0 1'2 1'4 16

NORMAL LOAD (KIPS)
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PEAK & RESIDUAL SHEAR LOAD RF3
3RD CYCLE FORWARD

12

10"
PEAKFAILURE

_" N.L.=7.5KIPS ENVELOPE
I_ K,,187.5KIPS/IN \

,_ N.L.=3.8KIPS _ _,.,.,,, ./" RESIDUALFAILURE

4" x-56.3_s,lN_ / __7_><..f . EN_OPE

= -"_/."'/.j_ "_. N.L.,3.s_r,s

_,j K=187.5 KiPS/IN

2- "-_._• 3,8 KIPS

K=18.8KIPS/IN

0 0 2 4 6 8 1'0 1'2 1'4 16
NORMAL LOAD (KIPS)

PEAK & RESIDUAL SHEAR LOAD RF3
3RD CYCLE REVERSE

12

10"
PEAKFAILURE

"" N L =7 5 KIPS ENVE.L_
K-"isT.._xar,snN

,,_ N L-7 }KIPS "_i.,,"""_

<
6- /- ./ / RESIDUALFAIIURE

/ _ __ E_O_

< 3.sxn,s

/]_ _ _, N.L.-L8K/PS.........

2- jf K=18.8KJPSflN

0
0 :_ i (3 8 1'0 1'2 1'4 16

NORMAL LOAD (KIPS)
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PEAK & RESIDUAL SHEAR LOAD RF3
4TH CYCLE FORWARD

12

10"
PEAKFAILURE

N.L.=7.5KIPS ENVELOPE

K-187.sKI_AN \

N.L.,,7.5 KIPS

NJ...-3.8KIPS "-e_ '_`_''-'_ _._ _ RESIDUALFAILURE

K=187.5KIPS/IN

/_r K=I8 8 KIPS/IN

0
0 2 4 6 _3 1'0 1'2 1'4 16

NORMAL LOAD (KIPS)

PEAK & RESIDUAL SHEAR LOAD RF3
4TH CYCLE REVERSE

12

10"
PEAK FAILURE

"-" N,L =7 5 KIPS ENVELOPE/K'.,is?.'5KIeS_N _ /

O 6- F_.U_
,.,.1

< N,_-.,_ J.--S_><",,1.,,
K is.sKmSaN -"i&-ir/]"kT_nN

2- J K=56.3KIPS/IN

0 0 2 4 6 8 1'0 1'2 1'4 16
NORMAL LOAD (KIPS)
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PEAK & RESIDUAL SHEAR LOAD RF3
5TH CYCLE FORWARD

12

10"
PEAK FAnUI_
ENVELOPE

O"J N,L,=7,5 KIPS

_., K=187,5 KIPS/IN

NL..3,K.'s "- :_'_-"L._.. ...... ENVELOPEK,,56.3 K.IPS/IN "_ / _..,,,,,'_k...,../ \ N,L."7.5 KIPS

_=<4. _.,___ .......,.,,_

N.L,=3,8 KIPS
K=18.8 KI_/IN

O0 2 4. 6 _} 1'0 1'2 1'4 16
NORMAL LOAD (KIPS)

PEAK & RESIDUAL SHEAR LOAD RF3
5TH CYCLE REVERSE

12

10"
PEAK FAILURE

N L =7 5 KIPS ENVELOp,"

r,__ 8- K'-"\ 1'87.'5KIPS/IN __ _'_
_I_ NL-75 KIPS \

K=56,J KIPS/IN _ / /=

< 6" FAILURE

m 4" K.I_.8_S4s j,,,,,r__-,_ N.t...s,8mrs

-
' NL, 3.8 KIPS

2- K=S6.3 KIPS/IN

0 0 2 _, 6 8 1'0 1'2 1'4 i6
NORMAL LOAD (KIPS)

A5 - 18



PEAK & RESIDUAL SHEAR LOAD RF4
1ST CYCLE FORWARD

16 .......................... '........ ......_ ........

l PEAK FAILURE14 ,,_v_LoP_

4-

2-

0 6 10 12 14 ' 16
NORMALLOAD(KIPS)

PEAK & RESIDUAL SHEAR LOAD RF4
1ST CYCLE REVERSE

16,,

14- PEAK FAILURE
ENVELOPE

_, 12-

__i0"8. u_
r_
< \

NL.3,6Kl_ _ _ _'ELOrE

< 6- _ i _ N.L="/,2 KIPS K-179.9 K/PS/IN

S_ K._.OKmS_4-

2" /J?_ K-,7._s,_
N,L.=3,6 KIPS
K= !11.0K_,_'N

O0 '"2 ............._, '" 6 " _ 1'0 1'2 1'4 ' i6
NORMALLOAD (KIPS)

A5 -19



PEAK & RESIDUAL SHEAR LOAD RF4
21"413CYCLE FORWARD

16.... - ,..... ......... .........

PEAKFAILURE
... 1 N L=72 KIPS ENVELOPE

_'_ N L-'J KIPS K-I;9 KIPS/IN

. K"__9._,,,_saT// SN_LoPt....
4-

,_,,,r_ "_ N.L.'3.6 KIPS

K=54,0KJPS/IN
2" N.L.=3b KIPS

K., ill0 K/P$/1N

oo .......... , _........., ,10 12 14 16
NORMAL LOAD (KIPS)

PEAK & RESIDUAL SHEAR LOAD RF4
2ND CYCLE REVERSE

16 ........................

14-

_ 12 PE^KF^nL_
_,, ENVELOPE

'_ NL -7,: KIPS ///[_
K=_40 KIPS/IN j,,,.'_/- RESIDUALF^tLlrRE

NL.}.e KIPS I ._ ENVELOPE

N a-

2 // \ K.S,.o_rsa_
NL ..t e_KIPSK=I80 KIPS4N

°6 2 ....a .......6 8..............i'0...............f2 ' 1'4 _6
NORMAL LOAD (KIPS)
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PEAK & RESIDUAL SHEAR LOAD RF4
3RD CYCLE FORWARD

PEAKPAILUIUz.
,_ 1 N,L.-7,2 KIPS ENVELOPE

.a..,,:Km /

K=11L0KIPS/IN

6 i0 12 14 16
NORMAL LOAD (KIPS)

PEAK & RESIDUAL SHEAR LOAD RF4
3RD CYCLE REVERSE

16

14-

-" 12-r,4
e_ PEAKFAILURE

ENVELOPE

10- ,,L,.,.2r.a,s \,
K=179.9K.IPJ/IN

8" NL.7:Ktr_ /
K=S4,UKIPS/INIPS/IN/_,_'-_/..,.,. RESIDUALFAILURE

= ,,.,..,.,,_,,_ \_ _,,,_oP,_

= 4-

2" JJ "_ K..34,0KIPS/IN

f NL=3,6 KIPSK=18.0KIPS4N

0 __..........4'..............i3 8 10' 12'..... 14"' 16
NORMAL LOAD (KIPS)

A5 -21



PEAK & RESIDUAL SHEAR LOAD RF4
4TH CYCLE FORWARD

16 _.__....-_._ ...._ _-_.... ....... __-- ....... _........................... __,........

PI_,AKFAILUlU
1 N,L.'7,2 _ E.NV"r.J..OPE

K,, 119.9K_/IN \

N4. _
K"IS,0 KIPS/IN

--" _ ] I II J -- i I _J_ ............. : = :: i rlrql__ ii

0-0_ 2....... ,b,. 6- _] 1'0 1'2° i'4 16
NORMAL LOAD(KIPS)

PEAK & RESIDUAL SHEAR LOAD RF4
4TH CYCLE REVERSE

6 ..... "" ' ,t , , ,,r,, ,, ,,,,,,, , _" - _ ",,, ___ _ , _. _ ___ ,,, r --__ ,, ---

14-

--- 12-r,,/3

-,- PEAKFAILURE

10" _.vm.opEN,L.=7.2KIPS \ _
KI. 179.9K.I_/!N _'

_ 8" ,.L.7.._K,PsK=$4 0 KIPS/!N

-
2- _ ,,LJ,_. ,..o_...K,,18.0KIPS/IN

2 _, 6.... _............1'o 1'_,_- i'_,..... _6
NORMAL LOAD (KIPS)

tk5 - 22



PEAK & RESIDUAL SHEAR LOAD RF4
5TH CYCLE FORWARD

/,q,]

.., 10 PEAK FAILURE

g 54.0KIF'SflN ..__,_,,,,--'_'-

K"III,O KiP$/IN

NORMAL LOAD (KIPS)

PEAK & RESIDUAL SHEAR LOAD RF4
5TH CYCLE REVERSE

1 6 '111 I II I i I IIIIII i I[ I IIIII i II I _ I]11111 III ,El _ III IIIII

14-

12.
imm

::'¢,-.1O" _,,,KF,,,-u_ENVELOPE

NL.,L2 KI_

= 6" K 1799_ _'Ov_LuO_ r^n" uzu=

"_ N.L'3,G KIPS
2" K=S4,0ICI_4N

K- ii1.0K.[PS/IN

• 1 ,,i : --_ ,, I llll i I ::- . iii ,,,i

0 ........ 2 _. 6 i0 1''2 14 16
NORMAL LOAD (KIPS)

AS- 23



&PPL_'DIX AG

SH_BD AI_ G GOUGE T_laLZS

SAMPLE DESCRIPTION PAGE

RG2 Sheared Area & Gouge A6-1

RF2 Sheared Area & Gouge A6-2

RF3 Sheared Area & Gouge A6-3

RF4' Sheared Area & Gouge A6-4

A6-i



Sheared area for RG2 samples and

amount of gouge generated in shear.

_L ,,,,,,,,,=,,,,,,,, i i , j , ........... __ 'III111ii .... .... _ ...... ' I- Jl I IIII I "11 I II _11J

Sample Bottom Bottom Top Top

Sheared Sheared Sheared Sheared Gouge

Area Area Area Area (grams )

(sq in) ( % ) (sq in) ( % )
--- ?...... . ....................... ,, -- , .... ,, u ,i8 l l IF[ r lillll[JL _-- I = - U Ill [III11[ --

RIG2 .... 36.6

R4G2 .... 237.0

R2G2 .... 317.3

R3G2 .... 1173.7

KR5G2 .... 46.3

KR6G2 21.1 66 20.8 65 246.5

Note: 1 sq in - 6.45 cm 2

A6- 1



Sheared area for RF2 samples and

amount of gouge generated in shear.

,[ .

Sample Bottom Bottom Top Top

Sheared Sheared Sheared Sheared Gouge

Area Area Area Area (grams)

(sq in) ( % ) (sq in) ( % )

R5F2 3.5 23 3.7 25 22.1

RRF2 6.2 32 5.2 35 77.4

R3F2 6.8 46 5.5 37 182.0

R4F2 13.5 91 8.7 59 437.3

KR6F2 9.1 61 8.8 60 81.6

KRTF2 7.4 50 6.8 46 86.8

KR8F2 i0.8 73 I0.8 73 62.2
, -_ __J IIII ] IIIII I IIII _ ...... _. IIIIII i i , , .....

Note: I sq in - 6.45 cm 2

A6-2



Sheared area for RF3 samples and

amount of gouge generated in shear.

Sample Bottom Bottom Top Top

Sheared Sheared Sheared Sheared Gouge

Area Area Area Area (grams)

(sq in) ( % ) (sq in) ( % )

RIF3 7.8 42 6 .9 37 i. 1

R6F3 14.4 77 13.6 73 2.1

R4F3 13 .3 71 12 .9 69 5 .6

R5F3 17.4 93 17.7 94 16.0

KR7F3 12 .3 66 I0 .7 57 9 .0

KR8F3 II. 8 63 12 .1 64 4 .8

KR9F3 Ii. 7 62 ii. 0 58 7.7

KRIOF3 17.2 92 15 .5 83 18 .1

KRIIF3 16 .8 90 17.1 91 22 .3

Note: 1 sq in = 6.45 cm 2

A6 -3



Sheared area for RF4 samples and

amount of gouge generated in shear.

Sample Bottom Bottom Top Top

Sheared Sheared Sheared Sheared Gouge

Area Area Area Area (grams)

(sq in) ( % ) (sq in) ( % )

RIF4 4 .5 25 5 .1 29 2 .4

R2F4 12 .2 68 ii. 9 66 5 .1

R3F4 14.5 81 14.8 82 i0.4

R4F4 16 .4 91 16.0 89 i0 .5

R5F4 17.2 95 17.0 94 12 .8

R6F4 16 .4 91 16.2 90 8 .7

KR7F4 13.2 73 ii. 5 64 5.1

R8F4 16 .0 89 15 .6 87 12 .2

KR9F4 13 .2 73 13 .3 74 5 .0

KRIOF4 13 .5 75 12 .5 69 6 .9

KRIIF4 16 .1 90 16 .2 90 ii. 2

KRI2F4 15 .3 85 15 .1 85 I0 .0

KRI3F4 12 .6 70 12 .9 72 7 .4

Note: 1 sq in = 6.45 cm 2

A6 -4



APPENDIX B1

CYCLIC COMPRESS ION

SAMPLE DESCRIPTION PAGE

RG2 Solid Block BI-I

R4G2 Before Shear BI-I

RIG2 After Shear; Normal Load = 1.3 kips BI-2

R4G2 After Shear; Normal Load = 6.4 kips BI-2

R2G2 After Shear; Normal Load = 12.8 kips BI-3

R3G2 After Shear; Normal Load = 25.6 kips BI-3

KR5G2 After Shear; Normal Load = 1.3 kips,

K = 32 kips/in BI-4

KR6G2 After Shear; Normal Load = 6.4 kips,

K = 64 kips/in BI-4

RF2 Solid Block BI-5

R5F2 Before Shear BI-5

R5F2 After Shear; Nol_mal Load = 0.6 kips BI-6

R2F2 After Shear; Normal Load = 3.0 kips BI-6

R3G2 After Shear; Normal Load = 5.9 kips BI-7

R4F2 After Shear; Normal Load = 11.8 kips BI-7

KR6F2 After Shear; Normal Load = 3.0 kips,

K = 14.8 kips/in BI-8

KR7F2 After Shear; Normal Load = 3.0 kips,

K = 44.3 kips/in BI-8

KR8F2 After Shear; Normal Load = 3.0 kips,

K = 147.7 kips/in BI-9

RF3 Solid Block BI-10

RIF3 Before Shear BI-10

RIF3 After Shear; Normal Load = 0.8 kips BI-II

R6F3 After Shear; Normal Load = 3.8 kips BI-II

R4F3 After Shear; Normal Load = 7.5 kips BI-12

R5F3 After Shear; Normal Load = 15.0 kips BI-12

KR7F3 After Shear; Normal Load = 3.8 kips,

K = 18.8 kips/in BI-13

Bl-i



SAMPLE DESCRIPTION PAGE

KRSF3 After Shear; Normal Load = 3.8 kips,

K = 56.3 kips/in BI-13

KR9F3 After Shear; Normal Load = 3.8 kips,

K = 187.5 kips/in BI-14

KRIIF3 After Shear; Normal Load = 7.5 kips,

K = 56.3 kips/in BI-14

KRIOF3 After Shear; Normal Load = 7.5 kips,

K = 187.5 kips/in BI-15

RF4 Solid Block BI-16

R5F4 Before Shear BI-16

RIF4 After Shear; Normal Load = 0.7 kips BI-17

R2F4 After Shear; Normal Load = 3.6 kips BI-17

R3F4 After Shear; Normal Load = 7.2 kips BI-18

R4F4 After Shear; Normal Load = 10.8 kips BI-18

R6F4 After Shear; Normal Load = 10.8 kips BI-19

R8F4 After Shear; Normal Load = 10.8 kips BI-19

R5F4 After Shear; Normal Load = 14.4 kips BI-20

KR7F4 After Shear; Normal Load = 3.6 kips,

K = 18.0 kips/in BJ-20

KR9F4 After Shear; Normal Load = 3.6 kips,

K = 54.0 kips/in BI-21

KRIOF4 After Shear; Normal Load = 3.6 kips,

K = 179.9 kips/in BI-21

KRIIF4 After Shear; Normal Load = 7.2 kips,

K = 54.0 kips/in BI-22

KRI2F4 After Shear; Normal Load = 7.2 kips,

K = 179.9 kips/in BI-22

RI3F4 After Shear (Reverse); Normal Load = 3.6 kips BI-23

Bl-ii



CYCLIC COMPRESSION RG2
SOLID BLOCK

' ' 6.00 0.02 0.04 0.06 0.08 1 0.12 0.14
NOR._,,DM.,DISPLACEMENT (IN)

CYCLIC COMPRESSION R4G2
BEFORE SHEAR

35 _l

C
0 0.02 0.04 0.06 0.08 0'.1 0.12 0. 4

NORMAL DISPLACEMENT (IN)
BI-I



CYCLIC COMPRESSION R1G2
AFTER SHEAR; NORMAL LOAD = 1.3 KIPS

35

30"

25"

,_ 20"

15-

10"
zo

00 0.02 0.()4 0.06 0.08 0'. ' ' ...........o._2 o._4 o._e
NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION R4G2
AFTER SHEAR; NORMAL LOAD = 6.4 KIPS

3(

<
©
,,.2

15-
<

10-O
Z

........ - ......... -r- _-

00 0.02 0.04 0.b6 0.08 0'.1 0.12 0.14 0.16
NORMAL DISPLACEMENT (IN)

BI-2



CYCLIC COMPRESSION R2G2
AFTER SHEAR; NORMAL LOAD = 12.8 KIPS

351
30"

25-

20- '

15-
_ IO-
Z

5-

0- 0.02 0.C)4 0.06 0.08 011 0._12 0.i4 0.16
NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION R3G2
AFTER SHEAR; NORMAL LOAD = 25.6 KIPS i

35-1

:30-

_" 25-

<
0
,,4
.,_ 1 ...............
<

© 10-
Z

5-

O- ,,_....... ,,,, ,, ,,t I

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
NORMAL DISPLACEMENT (IN)

BI-3



CYCLIC COMPRESSION KR5G2
AI-,TERSHEAR

NORMAL LOAD = 1.3 KIPS, K = 32 KIPS/IN

30-

_. 25-

< 20-

Z

5-

,,, , ,,

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION KR6G2
AFTER SHEAR

NORMAL LOAD = 6.4 KIPS, K = 64 KIPS/IN
35

3O"

__2s-

_ 2c_

zo _o-
o.°o...°°_...°°°

°o - o.oa 0.04 o.o6 o.b8 .....o'._ o.i2 o.'_4 o,'_6
No_ DISPtaCEME_r(e_

B1-4



CYCLIC COMPRESSION RF2
SOLID BLOCK

1

_

0 0.01 0J32 0.03.......... .......'0.04 0.05 0.06
NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION R5F2
BEFORE SHEAR

0
0.01 0.02 0.03 o.b,, 0.05 o.

NORMAL DISPLACEMENT (IN)
BI-5



CYCLIC COMPRESSION R5F2
AFTER SHEAR; NORMAL LOAD = 0.6 KIPS

16-

_" 12-

_"_o.............................................................................................................................................

o.
z

. ..... ....°°°.,o ,...oo....,.,,,°.°.,, ... ,...° .°,...o .... ,. ,o, °.o .o °..o °o......, ,°, ,,°.,..°, °°°,.°.°, .,.°.. _o, ..° ,,,,... ,..,,.

0 0.01 0.02 0.03 0.04 0.05 0.06
NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION R2F2
AFTER SHEAR; NORMAL LOAD = 3.0 KIPS

16- --_ -=-- ........

14.....................................................................

_12-

_10-

_-

00 0.01 0.b2....... 0.63 ib4 0._)5-- 0.06
yo_ D_SPLACEMEwr(IN)

BI-6



CYCLIC COMPRESSION R3F2
AFTER SHEAR; NORMAL LOAD = 5.9 KIPS

,_ _- __ ,,,,,,,,i-- -- . - ,

0 0.01 0.02 0.03 0.04 0.05 0.06
NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION R4F2
AFTER SHEAR; NORMAL LOAD = 11.8 KIPS

16.... _ -- .... ............14 ..........................................................................................................................,......

10 ........................,. °., o,.....,,.. °..,.,,° ° .o,..,,....°..,...o, o°.. ° o.o o,,..., ......, o..........,,...,...°, o. ° ..,°....,..., o. o.° o°.,... o...,

ql_ 6 "-"-" ........... • ........ ' ...... • ......... ' ........ "...................... "°"°"_ .... ' ....... ' .... "°°° .......

_ _ ...**.°....o° ° ,°°..,.. H.°.,.° ........... .°.o...... °.°° ...... °.,..o °..,. o°. °..,,.° ° .,... o. °.o.,... o.,, o

0
0 0.01 0.02.. 0.03 0.04 0.05 0.06

NORMAL DISPLACEMENT (IN)

BI.-7



CYCLIC COMPRESSION KR6F2
AFTER SHEAR

NORMAL LOAD = 3.0 KIPS, K = 14.8 KIPS/IN

t3
0 0.01 0.02 0.02 0.04 0.05 t6

NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION KR7F2
AFTER SHEAR

NORMAL LOAD = 3.0 KIPS, K -- 44.3 KIPS/IN

1

<
O 8"..1

< 6"

O
Z

0 0.01 0.62 0.b3 o. 0.05 o,
NORMAL DISPLACEMENT (IN)

BI-8



CYCLIC COMPRESSION KR8F2
AFTER SHEAR

NORMAL LOAD = 3.0 KIPS, K = 147.7 KIPS/IN
11

0
0 0.01 0.02 0.03 0.04 0.05 0.06

NORMAL DISPLACEMENT (IN)

BI-9



CYCLIC COMPRESSION RF3
SOLID BLOCK

i
18-

r_

-1

<
O1
,-1
<

O
z 4-

0
0 0.005 0.01 0.015 0.02 0.625 0.()3 0.035 0.04

NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION R 1F3
BEFORE SHEAR

2_

.

t 1 ]

e0 0.005 0.01 0.015 0.02 0.625 0.03 0.035 0.04
NORMAL DISPLACEMENT (IN)

BI- i0



CYCLIC COMPRESSION R1F3
AFTER SHEAR; NORMAL LOAD = 0.8 KIPS

20

1

,..1

<

3
--1
<

O
Z

.

0
0 0.005 0.01 0.615 0.02 0.025 0.03 0.035 0.04

NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION R6F3
AFTER SHEAR; NORMAL LOAD = 3.8 KIPS

2o] I
1

,..,1

-1

_ 12-
<
0 10- ',................................................

_ .... ..°..°o.° ........ o..o°°.....,

0
z

(z0 0.005 0.01 0.615 0.b2 0.025 0.03 0.035 0.04
NORMAL DISPLACEMENT (IN)

BI- Ii



CYCLIC COMPRESSION R4F3
AFTER SHEAR; NORMAL LOAD = 7.5 KIPS

1

,_, 16-

14-

<

g

0
Z 4"

O0 0.005 0.()1 0.615 0.()2 0.625 0.()3 ;0.035 0.04
, NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION R5F3
AFTER SHEAR; NORMAL LOAD = 15 KIPS

20

18- !

_ 16-

14-

_ 12-

_1o 10-

°_, iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii'Z 4-

2"

0
0 0.605 0.()1 0.615 0.()2 0.625 0.03 0.()35 0.04

NORMALDISPLACEMEm"_)
BI-12



CYCLIC COMPRESSION KR7F3
AFTER SHEAR

NORMAL LOAD = 3.8 KIPS, K = 18.8 KIPSBN

I

C0 0.005 0.01 0.615 0.02 0.()25 0.63 0.635 0.04
NORMALDISPLACEMENT(IN)

CYCLIC COMPRESSION KR8F3
AFTER SHEAR

NORMAL LOAD = 3.8 KIPS, K - 56.3 KIPS/IN
J

18

0 o o.oo5 o.b_ o.o15 0.02 0.625 0.63 0.035 0.04
NORMAL DISPLACEMENT (IN)

t

BI-13



CYCLIC COMPRESSION KR9F3
AFTER SHEAR

NORMAL LOAD = 3.8 KIPS, K = 187.5 KIPS/IN

1

<

0
Z

.

Oo o.oos 0.0_ 0,6_5 o.b2 0.025 o.b3 o,03s 0.04
NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION KR11F3
AFTER SHEAR

NORMAL LOAD = 7.5 KIPS, K - 56.3 KIPS/IN
20 _

18"

16-

-_14-

12-10-

_6-
ze 4-

2-

, t.....

0 0.005 0.01 0.015 0.02 0.625 o.b3 0.035 0.04
NORMAL DISPLACEMENT (]IN)

BI-14



CYCLIC COMPRESSION KR10F3
AFTER SHEAR.

NORMAL LOAD = 7.5 KIPS, K = 187.5 KIPS/IN
_,-- ................. ....... _ _ : _ ,

I
1

,..1

<
C

O "
z 4-

2-

C
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

NORMALDISPLACEMENT(IN)

B1- 15



CYCLIC COMPRESSION RF4
SOLID BLOCK

20_ :_ .............. ....
I

,

0.005 0.01 0.015 0.02 0.03 0.035 0. 0.045 0.05
NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION R5F4
BEFORE SHEAR

20 .............

..,1

<

_ 10-
,-1
< 8"

O
Z

0
0 0.005 0.01 15 0.02 0.025 0.03 0.04

NORMAL DISPLACEMENT (IN)
BI-16







i

CYCLIC COMPRESSION R6F4
,_._ER SHEAR; NORMAL LOAD= 10.8 KiPS

O
0,005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

NORMAL DISPLACEMENT (IN)



CYCLIC COMPRESSION R5F4
_ER SHEAR; NORMAL LOAD= 14.4 KIPS

20

18,

,.., 16- '...........................................

<

<

Z

0
0 0.005 0,01 0,015 0.02 0.025 0.03 0.035 0,04

NORMAL DISPLACEMENT (IN)

CYCLIC COMPRESSION KR7F4
AFTER SHEAR

NORMAL LOAD = 3.6 KIPS, K = 18.0 KIPS/IN

v

3

Z

0.04
NOR_ DISPLACEMENT (IN)

B1-20



CYCLIC COMPRESSION KR9F4
AFTER SHEAR

NORMAL LOAD = 3.6 KIPS, K = 54.0 KiPS/IN

C
0 0.005 0.01 0,015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

NORMALDISPLACEMENT(IN)



APPENDIX B2

MAXIMUM CLOSURE & INITIAL STIFFNESS TABLES

SAMPLE DESCRIPTION PAGE

RG2 Maximum Closure & Initial Stiffness B2_I

RF2 Maximum Closure & initial Stiffness B2-2

RF3 Maximum Closure & Initial Stiffness B2-3

RF_ Maximum Closure & Initial Stiffness B2-4

B2-i



Maximum closure and initial stiffness for samples RG2.

,,_ ,

Sample Maximum In itial

C1 osure Normal

V m Stiffness

( in ) k.i

(ksi/in)
,,,

Before 3.9x10 2 0.9x102

Shear
,,

After RIG2 5.0xl0 2 0.2x102

Shear R4G2 ii. 9x10 "2 0.2x102

R2G2 8.2x10 2 0.3x102

R3G2 - -

KR5G2 1.8x 10 .2 0.6x102

KR6G2 I0.7x10 "2 0.2x102
,,, ,

Note: 1 in = 2.54 cm, 1 ksi/in = 2.72 MPa/cm

B2 -I



Maximum closure and initial stiffness for samples RF2.

f . , _ , _ ,i _j .,,,f

Sample Maximum Ini tial

Closure Normal

Vm Stiffness

( in ) kni

(ksi/in)
•,

Before 0.7x10 "2 2.0xl02

Shear
i ., , ,

After R5F2 - -

Shear R2F2 0.6x10 "2 i. 0xl02

R3F2 0.7x10 "2 3.3x10 _

R4F2 - -

KR6F2 - -

KR7F2 i. 9x10 "2 2. Ixl02

KR8F2 - -

, , , . ,

Note: 1 in = 2.54 cm, 1 ksi/in = 2.72 MPa/cm

B2 -2



Maximum closure and initial stiffness for samples RF3.

_J_ L _ _ ! J" - _ J_ i ''[ - ,,, f ,

Sample Maximum Initial

C1 osure Normal

Vm Stiffness

( in ) k,,i

(ksi/in)
,,, , ,, ,

Before 0.2x10 "2 I. 9x102

Shear
- , , ,, ..... ,

After RIF3 0.9x10 "2 1.3x102

Shear R6F3 1.3x10 2 1.2x102

R4F3 0.2x10 "2 2.0x102

R5F3 i. 2x10 _ 1.2x102

KR7F3 3.2x10 2 0.9x102

KR8F3 0.5x10 2 1.9x102

KR9F3 2.4x10 .2 0.6x102 j

KRI IF3 2.5x10 2 0.8x102

KRIOF3 2.4x10 2 0.8x102

.... _ ,, f, _ f,

Note: 1 in = 2.54 cm, 1 ksi/in -- 2.72 MPa/cm

B2-3
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Maximum closure and initial stiffness for samples RF4.

Sample Maximum Ini tial

Closure Normal

V m Stiffness

( in ) kni

(ksi/in)
,,, , ,,,,,i, j ,,, , r ,, - --

Before 2.9x10 "2 0.5x102

Shear

After RIF4 3.7x10 2 0.6x102

Shear R2F4 2.5x10 "2 I. 3x102

R3F4 2.5x10 "2 0.7x102

R4F4 2.8x10 "2 0.7x102

R5F4 2.5x10 "2 0.9x102

R6F4 2.2x10 "2 i. 2x102

R8F4 2.3x10 _' i. 5x102

KR7F4 3.5x10 "2 i. 6x102

KR9F4 3.0xl0 2 0.8x102

KRIOF4 2.6x10 "2 0.9x102

KRIIF4 2.0XI0 2 I. 0xl02

KRI2 F4 i. 8X10 2 0.9x102

KRI3 F4 3.6XI0 "2 0.9x102

,,, j , _ J q , , , ,,

Note: 1 in = 2.54 cm, 1 ksi/in = 2.72 MPa/cm

B2 -4



APPENDIX C1

PROFILES

SAMPLE DESCRIPTION PAGE

RG2 G2X2 Bottom Before Shear Ci-i

RG2 G2X3 Bottom Before Shear CI-I

RG2 G2X2 Bottom After Shear, Normal Load = 12.8 kips CI-2

RG2 G2X3 Bottom After Shear, Normal Load = 12.8 kips CI-2

RF2 F2X2 Bottom Before Shear CI-3

RF2 F2X3 Bottom Before Shear CI-3

RF2 F2X2 Bottom After Shear, Normal Load = 5.9 kips CI-4

RF2 F2X3 Bottom After Shear, Normal Load = 5.9 kips Ci-4

RF3 F3X2 Bottom Before Shear CI-5

RF3 F3X3 Bottom Before Shear CI-5

RF3 F3X2 Bottom After Shear, Normal Load = 0.8 kips CI-6

RF3 F3X3 Bottom After Shear, Normal Load u 0.8 kips CI-6

RF4 F4X2 Bottom Before Shear Ci-7

RF4 F4X3 Bottom Before Shear CI-7

RF4 F4X2 Bottom After Shear, Normal Load = 7.2 kips CI-8

RF4 F4X3 Bottom After Shear, Normal Load = 7.2 kips CI-8

Cl-i



Profile G2X2 Bottom
Before Shear

_ t i,, _ .............. :: ; _ _: _ .... . .... _...,., ........

2.5-

I
i

Qm

I

0.5"

Horizontal Axis (in)

i G2X3 BProf le ottom
Before Shear

. ,, : ,,,,,=,i ,,!,,,,,, ,

0.5-

Horizontal Axis (in)
C2-1



Profile G2X2 Bottom
After Shear, Normal Load = 12.8 Kips

, ,iJl,,

2.5"

a
A

1.-=
1

°ii ,,,, :,,i

Horizontal Axis (in)

Profile G2X3 Bottom
After Shear, Normal Load = 12.8 Kips

, ,,,

2.5-2. _ ............._ __ ,,
tm

1.5-
1-

0°5"

0 _ _ ..... 1 .............. ..... _ _4 .... _ .... ...... _ _ _ _ _

Horizontal Axis (in)

C1-2



Profile F2X2 Bottom
Before Shear

0
0.5 i 1.5 2.5 3 3,5 4 4,5

HorizontalAxis(in)

Profile F2X3 Bottom
i

Before Shear

,, ......

1

tm
v

.E 1.5-

<
1-

0.5-

°

HorizontalAxis (in)
Ci-3



Profile F2X2 Bottom
After Shear, Nodal Load = 5.90 Kips

0 0.5 1 1.5 2,5 3 3.5 4 4.5
HorizontalAxis (in)

Profile F2X3 Bottom
After Shear, Normal Load = 5.90 Kips

2,5"

,,,

0m

•_ 1.5-

1-

0,5-

0 _- 0'.5 1' ......1'.5' ,._ ........2'.5 ......_ 3.5'..................'4 - :'4.5......-
Horizontal Axis (in)

C1-4



Profile F3X2 Bottom
Before Shear

1 : ....... .... ............ ? .: ..... ii = 21]/1111 .... iiiiii : :: i ii iiii ........ _. ................. i] I _ _

0.5"

0 0.s _ _.s _ ..........sls _ 3'.s '' ......... ' ............ 4 _ 4,5
HorizontalAxis(in)

Profile F3X3 Bottom
Before Shear

_..,.... _...._ ,, :_. -.- i,,,, , u i,,.,,, _ ........................... - ................ ,..,.. _ m_:

2.5"

2-

'E 1,5-

1

0.5

,,,,, -I ,,,.,= -,t "=' "_ ! ' ' ' ! ' ""'! ' I , i__0 ......o'.s _ 115 _ ....2'.s 3 3.s 4 4.5
HorizontalAxis (in)

C_-5



Profile F3X2 Bottom
After She_, Normal Load=0.8 Kips

_;_= :L: - _: i! ,,t_uQl,:,fJ±_ -= : .... _ i _-=--__ .... -....... _:: : ........... ::_:_'_'_: ...... --=: .......... :_-" . ................

0,5"

1.5 3.5 4 4.5
Horizontal Axis (in)

Profile F3X3 Bottom
After Shear, Normal Load=0.8 Kips

i i i ii iiiinllllll] _ --- _. i _ _ J i -: .... _7_ __ _ -_ _---ii1___ ..... ?i - ....

0.5"

....,__ _,..........2.s" _ .............3:5 4_.................4.50.5 1
HorizontalAxis (in)

C1-6



Profile F4X2 Bottom
Before Shear

2,5"

2_ _ _=__ _'_r .... T " .... _--__ _ ......

A

=
0m

i.5-
1-

0.5-

i rl ii ......... .......... _ --

0- ..........0'.5 _ 1',5 -_ ....2'.5..........3 3'.5 .....'-4''---_--'-4.5
HorizontalAxis(in)

Profile F4X3 Bottom
Before Shear

_:_ . __ . IIII I I III I -_ _ I --- .... rllll i!ll I I_[lllll_ !liflll I ill Ill1 _ I IIIlill I IIIllill I L .... ii _ ..... _ :-_

2,5"

0,5"

O' _ ......... F i_. t_1,1,1 l- ' :r7-_ l " ,,, ,r I - I _ 7w7_,_ -o.s _ _.s '_.....112',s......._ 3_s _, 4.s
HorjzonteJAx|s(in)

C1-7



........... III • _ • _ ....

Profile F4X2 Bottom
After Shear, Normal Load --.7.2 Kips

_....... ..... _ ._ J i/.-_ rr ..... i - - __ --:_ _r/ ............. ii _ ...... ...........

2.5"

0.5"

o o'.5 i ....._'.s _ 2.s "_ 3.5 4 4.s
Horizontal Axis (in)

Profile F4X3 Bottom
After Shear, Normal Load = 7.2 Kips

2.5"

..=

I.E
1

0,5"

HorizontalAxis (in)
CI-8



APPItNDIX C2

FRACTAL DIMRNSION TABLES

SAMPLE DESCRIPTION PAGE

RG2 G2X2 Bottom C2-1

RG2 G2X3 Bottom C2-1

RG2 G2X3 Top C2-2

RG2 G2X3 Top C2-2

RF2 F2X2 Bottom C2-3

RF2 F2X3 Bottom C2-3

RF2 F2X2 Top C2-4

RF2 F2X3 Top C2-4

RF3 F3X2 Bottom C2-5

RF3 F3X3 Bottom C2-5

RF3 F3X2 Top C2-6

RF3 F3X3 Top C2-6

RF4 F4X2 Bottom C2-7

RF4 F4X3 Bottom C2-8

RF4 F4X2 Top C2-9

RF4 F4X3 Top C2- 10

C2- i



Fractal Dimension for G2X2 Bottom.

, ,

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)

Before Shear 1.21

After Shear

RIG2 i. 3 0 i. 11

R4G2 6.4 0 I. 11

R2G2 12 .8 0 I. 09

R3G2 25.6 0 i. 08
, H,, .,, . , .... ,, ,. ..

KR5G2 1.3 32 .0 1.09

KR6G2 6 .4 64.0 I. 09
, , ,

Fractal Dimension for G2X3 Bottom.

.. , .,

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)

Before Shear 1.19

After Shear

RIG2 I. 3 0 i. 65

R4G2 6.4 0 1.13

R2G2 12 .8 0 1.11

R3G2 25.6 0 1.13
.

KR5G2 1.3 32 .0 1.19

KR6G2 6.4 64 .0 1. i0

Note: I kip = 4.45 kN, i kip/in = 1.75 kN/cm

C2-I



Fractal Dimension for G2X2 Top.

,,e i ,, Lf

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)
..... L,,L '' ',

Before Shear 1.15
__ ................ , , ,

After Shear

RIG2 i. 3 0 i. 10

R4G2 6.4 0 i. 16

R2G2 12.8 0 i. 14

R3G2 25.6 0 i. 13
,,, ,, ,, ,,

KR5G2 i. 3 32 .0 i. 20

KR6G2 6.4 64.0 i. 19

Fractal Dimension for G2X3 Top.

'_ ' " i_

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)
, , ,, , ,, ,

Before Shear 1.23
n ,,

After Shear

RIG2 i. 3 0 i. 21

R4G2 6.4 0 I. 32

R2G2 12.8 0 i. 16

R3G2 25.6 0 I. 13

KR5G2 1 .3 32 .0 I. 13

KR6G2 6 .4 64 .0 i. 15
,_ _ ,

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm

C2 -2



Fractal Dimension for F2X2 Bottom.

...... r - ,,,n i1 I !,u,, ! J ,u r r,,,l I ,, ..... r _:: r,,:: ............. ................. __z . ,'

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)
,, ,i . ....., , .

Before Shear 1.15
... , -- L .r n

After Shear

R5F2 0.6 0 I. 13

R2F2 3.0 0 i. 07

R3F2 5.9 0 i. 06

R4F2 ii. 8 0 i. 05
,. , ., , |

KR6F2 3 .0 14.8 i. 09

KR7F2 3 .0 44.3 1 .08

KR8F2 3 .0 147.8 1 .08

i .i tt±l ijll i r , 7 ,r, :l '" ,trill, ' I,,l,,_u !,,,,,r ,,, ,,, i J I",_,' i ,, , ........... / .:

Fractal Dimension for F2X3 Bottom.

i :--: r_ :I J , ,,, ,, r , I, J

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)
, . • ,

Before Shear 1.16
u ,,,, , , ,,,. ., .

After Shear

R5F2 0.6 0 1.16

R2F2 3.0 0 1.13

R3F2 5.9 0 1.15

R4F2 ii. 8 0 I. 14
_

KR6F2 3 .0 14.8 1 .15

KR7F2 3 .0 44.3 1 .14

KR8F2 3 .0 147.8 1 .12
-- .- _ ,

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm

i C2 -3



Fractal Dimension for F2X2 Top.

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)
I ...... ,.................. i, ,, ,, ,,

Before Shear 1.15
, ,, , ,__ ,, ,i, __ .,, ,, ,l,, ,,,,,,.,,

After Shear

R5F2 0.6 0 i. 16

R2F2 3.0 0 i. 16

R3 F2 5.9 0 I. 12

R4F2 ii. 8 0 I. 25
,. , , ,., , f, , , , , , , , , ,,,,,

KR6F2 3 .0 14.8 i. 15

KR7F2 3.0 44.3 i. 09

KR8F2 3 .0 147.8 i. II

Fractal Dimension for F2X3 Top.

nlF ' n _L TT-R L . :.................. ,...... ,_; ,, _ -'± fir ,-I"',Jill " ' ",nlll,',,ll,f.n,,U . :

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)
- ,,. . _ , , .,

Before Shear 1.13
,,, ,.=,., _ _ ,, , , ,L ., ,,,,_ , .....

After Shear

R5F2 0.6 0 I. 16

R2F2 3.0 0 1.16

R3 F2 5.9 0 1.14

R4F2 ii. 8 0 1. ii
, ,,

KR6F2 3 .0 14.8 1 .17

KR7F2 3 .0 44 .3 1 .II

KR8F2 3 .0 147 .8 1 .07

Ill : ,l _" , l l '_ '"_ j ,l l ,1,,,lll'l, _I ","

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm

C2-4



Fractal Dimension for F3X2 Bottom.

iiUilli T TlITi] rr ' ,l L , r,,,,",,'

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)
, , ,,,r, | ,, r,,,,, _ , ,, ,, ,,,,•, ,, ,, r ,,=,

Before Shear 1.14
,,,,, , , , , , 11 , ,,, , ,,,,.............., , ,, , ,,T , ,r

After Shear

RIF3 0.8 0 1.09

R6F3 3.8 0 1.11

R4F3 7.5 0 1.12

R5F3 15.0 0 1.09

KR7F3 3 .8 18 .8 1 .10

KR8F3 3 .8 56 .3 1 .10

KR9F3 3 .8 187 .5 1 .10

KRIOF3 7 .5 56 .3 1 .09

KR11F3 7.5 187 .5 1 .11

;_i i Jlll_ljllUml i [ iii t i i_I ..L_Jr _L iii! L II:L I I I iIIL,,[

Fractal Dimension for F3X3 Bottom.

, ,rl ,,, ,,,,,,,1,rl,, l , it,,,:,u J

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)

Before Shear 1.09

After Shear

RIF3 0.8 0 1.08

R6F3 3.8 0 1.05

R4F3 7.5 0 1.12

R5F3 15.0 0 1. ii

KR7F3 3 .8 18 .8 1 .07

KRSF3 3 .8 56 .3 1 .07

KRgF3 3 .8 187 .5 I .i0

KRIOF3 3 .8 56 .3 1 .i0

KRIIF3 3 .8 187 .5 i .i0

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm

C2-5



Fractal Dimension for F3X2 Top.

....._ r I ,,,,mr._,,,._,,,,,., ,,m,,, I trt ,: _ _i_l _:_" :-_ _ _

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)
,.,,, r, ,,,,,,.,,,i,,,,,,,L

Before Shear i.Ii

After Shear

RIF3 0.8 0 1. i0

R6F3 3.8 0 1.i0

R4F3 7.5 0 _. 12

R5F3 15.0 0 1.09

KR7F3 3 .8 18.8 I. 12

KR8F3 3 .8 56.3 1 .08

KR9F3 3 .8 187.5 1 .06

KR10F3 7 .5 56.3 1.11

KRllF3 7 .5 187 ,5 1 .06

i,Iv,:ii_ j_' i _:_ .... i tr_ .............. _:::-_:- .............

Fractal Dimension for F3X3 Top.

....-f_,!,,,,_........ ,........ i,,[u_i i L_L- :_, '_L Ill _ L_ jtl LIJ ?.:7LL_ JIlJ _ I I/1/I._

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)
II,li _ IIL II ..... l I I II I I II I _ I IllllI II] III -- _ ....

Before Shear 1.09
,.,,,.,,, , ,, ,,,, ,.,, ., ,,,, , ,,,,• ,, ,,,,,, ,,,,,,,,

After Shear

RIF3 0.8 0 1.08

R6F3 3.8 0 1.06

R4F3 7.5 0 1.06

R5F3 15.0 0 1. ii
_ , ,,, ,, ,,,, ,,,,....

KR7F3 3 .8 18 .8 1 .08

KR8F3 3 .8 56.3 1 .05

KR9F3 3 . 8 187 .5 1 •06

KRIOF3 3 .8 56.3 1 .09

KRllF3 3 .8 187 .5 1 .05

, ,,, ,,,,,, .,, _,, ,,/,,,, _-_ ,,, _:! ,, ,,., ,,

Note: I kip = 4.45 kN, 1 kip/in -- 1.75 kN/cm

C2-6



Fractal Dimension for F4X2 Bottom.

,_j ,_ - ' _ _ = - II11"111-- i II I'11"I1 _! .................. __

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)
, ,:,,,_ ,,r,u: ,, , _ : Ir r,, i_ t

Before Shear 1.13
....... , _L , J, J, , ,,

After Shear

RiF4 0.7 0 i. 12

R2F4 3.6 0 1.11

R3F4 7.2 0 i.ii

R4F4 10.8 0 I.II

R5F4 14.4 0 1.10

R6F4 10.8 0 1.11

R8F4 10.8 0 1.11
........ ......... .__. .... ....__ ......_ ....__ _

KR7F4 3 .6 18.0 1.11

KR9F4 3 .6 54 .0 1.11

KR10F4 3.6 180.0 1.11

KRllF4 7.2 54.0 1.10

KR12F4 7.2 180.0 1.15
j ,,,, ., llr l ,.... _

R13F3 3.6 0 1.11
..... L _ : 1 llIIllIlll l ii i ill ! I , j_ ill_iilll..

Note: 1 kip = 4.45 kN, 1 kip/in = 1.75 kN/cm

C2 -7



Fractal Dimension for F4X3 Bottom.

,_ _ ,,,,,,i_ .,, , ,, _ 'III'III- III ......... ...............

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)

Before Shear 1.12
ir" J!_ ,i : ,11,i,,, _ , i,_ ,,_..,.- ........................

After Shear

RIF4 0.7 0 I. ii

R2F4 3.6 0 I. I0

R3F4 7.2 0 i. 07

R4F4 I0.8 0 i. 08

RSF4 14.4 0 i. 09

R6F4 i0.8 0 i. IC

RSF4 I0.8 0 I. 07
................

[ ] LLJ 111111 __ "-- iiiiiI I IIIII| i L _ .

KR7F4 3.6 18.0 i. 11

KR9F4 3 .6 54.0 i. i0

KR10F4 3 .6 180.0 1.06

KRllF4 7.2 54.0 1.08

KR12F4 7.2 180.0 1.10
- _ i -- ..........__ -- _ ..... _ r,,,,,,,,,, : .__ - _ _. ..... ........

RI3F3 3.6 0 1.08
! i, i ,111 i r,,,,., r , I "'"' " " ' ' - '..................

Note: i kip = 4.448 kN, I kip/in = 1.75 kNlcm

C2- 8



Fractal Dimension for F4X2 Top.

...... i 1111ii! , i

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)

Before Shear i.18

After Shear

RIF4 0.7 0 I. I0

R2F4 3.6 0 i. 08

R3F4 7.2 0 1.08

R4F4 10.8 0 I.ii

R5F4 14.4 0 I. 12

R6F4 10.8 0 1.08

R8F4 10.8 0 1.08

KR7F4 3.6 18.0 I. 11

KR9F4 3.6 54.0 1.07

KR10F4 3.6 180.0 1.14

KRllF4 7.2 54.0 1.07

KR12F4 7.2 180.0 1.15

RI3F3 3.6 0 I. 07
,,.... 11fi iii , i ii i .... i i i_!J

Note: 1 kip - 4.45 kN, 1 kip/in - 1.75 kN/cm

C2"9



Fractal Dimension for F4X3 Top.

Sample Normal Load Constant Fractal

(kips) Stiffness Dimension

(kips/in)
......... _: z ,,, : _ u - _ WL l..l,,,I , i,r _. _r .....

Before Shear 1.15
............ i

After Shear

RIF4 0.7 0 I. 14

R2F4 3.6 0 I. i0

R3F4 7.2 0 1.06

R4F4 10.8 0 1.07

RSF4 14 .4 0 1.07

R6F4 10.8 0 1.05

RSF4 10.8 0 1.06
Jl:.. i ,i iiiiiii 1 _ :iii_ i .... [iiiii L • _ iiii _

KR7F4 3 .6 18.0 i. 09

KRgF4 3 .6 54.0 I. 09

KRIOF4 3.6 180.0 I. II

KRIIF4 7.2 54.0 I. 14

KRI2F4 7.2 180.0 I. I0
..... iJ........ ,r,,, .,

RI3F3 3 .6 0 I. ii
ii ..... _ if,il lli i i l,l,,p,l ii IIIH,,I

Note: I kip = 4.45kN, 1 kip/in = 1.75 kN/cm

C2 -I0



APPENDIX

Information from the Reference Information Base
Used in this Report

This report contains no information from the Reference Information Base.

Candidate Information
for the

Reference Information Base

This report contains no candidate Information for the Reference Information Base.

Candidate Information
for the

Geographic Nodal lnformtttion Study
and Evaluation System

This report contains no candidate information for the Geographic Nodal Information
Study and Evaluation System.
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