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DIKE-DRIFT INTERACTION 

-- Issue of Concern 

The issues of concern are: (1) what effect (if any) the heat given off by from the waste 
canisters will have on the overall state of stress in and around the proposed repository; and (2) 
what effect will the stress state alteration have on propagating igneous dike as it approaches 
the repository. Two general alternatives have been suggested: 

1. The change in stress state will be relatively minor and/or localized such that a 
propagating dike will be unaffected by the presence of the repository. 

2. The increased temperature will induce significant thermal stresses in the repository 
area so that the current stress state (Le., 01 = a, = 7.0 MPa, 0 2  = OH = 4.2 MPa @ 
-030”, 0 3  = o h  = 3.5 MPa @ -120’) is altered such that 0 3  = a, and 01 = OH = 15-20 
MPa (Barr, 2000). 

The implication of alternative (2) is that an approaching dike, which is propagating in the 01- 

02 plane (i.e., opening in the 0 3  direction), will shift to a horizontal sill at some depth below 
the repository. The result is that the intrusion will be “turned away” from the repository 
negating any repository-dike interaction. 

Statement of Problem 

Consideration of the above Issue of Concern leads to several questions that need to be 
addressed with regards to the potential for repository-dike interaction. These questions are: 

I .  Is alternative (2) scientifically-valid? 
2. If not, then to what degree will the stress state be altered (in terms of magnitudes and 

directions) by heat given off by the waste canisters? 

To answer these questions, we will first evaluate the previous analyses that led to the proposal 
of alternative (2), including the assumptions and simplifications that were employed. 

Previous Thermal-Modeling Analyses (Table A 1) 

This section briefly summarizes the previous research conducted on the effects of thermal 
processes on the in-situ stress state around the proposed repository. For simplicity, the 
material is present chronologically. 

Summary of Mack et al. (1 989) 

This report summarizes results of numerical analyses (using boundary element and distinct 
element methods) that estimate the extent of rock mass modification due to heat generation 
from High Level Waste (HLW) placed in a hypothetical repository. Rock mass modification 
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was assessed as changes in stress and joint deformation. Room-scale analysis results from the 
thermoelastic boundary element model (code HEFF) suggest that a modification zone extends 
out to approximately 2 room diameters. Repository-scale analysis results from both HEFF 
and the distinct element code (UDEC) suggest that a zone with modified rock mass properties 
will develop -100 m above and below the repository, with thicknesses of 200 m and 150 m, 
above and below respectively. 

Mack et ai. (1 989) employed two simple relationships to determine joint aperture change and 
joint slip. For joint aperture change (AQ, the relationship of Bandis et al. (1983) was used: 

where on is the normal stress on the joint, and a and b are characteristic parameters (values 
used were a = 0.016 mm.MPa-', b = 0.909 MPa-'). Joint slip was determined from the 
standard Mohr-Coulomb criterion where the shear stress ( r )  necessary for slip is given by: 

where c is the joint cohesion and 4 is the friction angle. For the welded tuff, values of c = 0.1 
MPa and 4 = 28" were used. For interaction between the tuff and adjacent units, c = 0 and 4 = 
10 or 28", for clay-filled or rough joints, respectively. 

r=c+cT,tan# (2) 

For the HEFF models, the rock is treated as isotropic and homogeneous with properties meant 
to simulate the non-lithophysal Topopah Spring member. Material property values for the 
rock mass and joints were: 

Table 1: Material properties for tuff. 

Material Property Value 
Density (kg/m3) 2340 

Deformation Modulus (GPa) 15.1 
Poisson's Ratio 0.2 

Thermal Conductivity (W/m.K) 2.07 
Specific Heat Capacity (JkgSK) 961.5 

10.7 Coefficient of Thermal Expansion (1 06K-') 
Joint Cohesion (MPa) 0.1 

Joint Friction Angle (") 28 
Joint Normal Stiffness (MPdm) 3.5e10' 
Joint Shear Stiffness (MPdm) 3.5e 10' 

With regards to heat generation from waste canisters, initial power values (P( f )  for PO) of 3.2 
kW and 0.42 kW were chosen for the Spent Fuel (SF) and Defense-High-Level-Waste 
(DHL W) containers, respectively. Thermal decay characteristics for waste I O  years out of the 
reactor are given by Peters (1983): 
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In0 51 

Spent Fuel : P ( t )  = 0.54e(%) + 0.44e (3 
(3) 

Room geometries for both vertical (no longer being considered) and horizontal waste 
emplacement were analyzed, and Mack et al. note that the initial thermal loading for their 
conditions is approximately 80 kW/acre rather than the often quoted value of 57 kW/acre. 
Two in-situ stress states were investigated: (1) a- = a~ = 1.5 MPa, aj = a” = 5 MPa; and (2) 
a, = a~ = 3 MPa, a, = av = 5 MPa. For purposes of the simulation, all joints were 
considered to be vertical. 

(SI In051 

DHLW: P(t)  = 0.86e(=] + 0.14e 

HEFF results for the room-scale analyses show that excavation of the tunnel induces small 
regions where in-situ stresses change by >lo% (positive versus negative change is 
unspecified). Joint aperture reduction of more than a factor of 2 takes place in a small area 
under the tunnel, and joint slip is restricted to a region no more than 2 room diameters wide. 
Effects of waste emplacement are presented in terms of predicted temperature distributions 
after 100 years (maximum temperature of 160 “C in vicinity of vertically-emplaced waste) 
along with effects on joint aperture and joint slip. The regions of joint aperture reduction by 
>2 are widely distributed for both vertical and horizontal emplacement at t = 100 years. 
Regions ofjoint slip are localized to regions approximately 0.5 to 1 room diameter around the 
tunnels for all cases. Note: Mack et af. ( 1  989) do not show explicitly the effects on stress 
state due to waste emplacement. Idowever, it can be assumed that the thermally-induced 
stress increases will not be as large as they would be for a horizontally-constrained material. 

HEFF results for the repository-scale analyses (only vertical emplacement results are 
presented) show that a zone of aperture decrease forms around the tunnel and grows 
throughout the analysis period (tma = 500 years). Zones of aperture increase are predicted 
both above and below the repository horizon, reaching a maximum after 100 years and 
virtually disappearing by 500 years. Regions of slip on the vertical joints also develop, 
although these are primarily above the repository horizon. In general the regions of 
modification are larger for the simulations where the initial stress ratio is low (am/o, = 
1.56). 

For the UDEC models, the rock is also treated as isotropic and homogeneous with the 
addition of explicit vertical joints that are spaced 100 m apart above and below the repository 
horizon and 200 m apart beyond the edge. Rock mass properties (Table I )  were used between 
the joints. Unlike the HEFF models, the UDEC models use a linear joint behavior: 

where I$ = 3.5e105 MPa/m. The stiffness in the linear joint model is higher than the nonlinear 
model at low normal stresses but lower than the nonlinear model at higher normal stresses. 
The initial horizontal and vertical stresses were varied linearly with depth from 0 at the 
ground surface to values of approximately 2 and 7 MPa, respectively, at the repository 
horizon. 

Dr. Kevin J. Smart 4 



a 

ScientiJic Notebook 606E Date Printed 9/28/2006 

UDEC results for the repository-scale analyses are shown in terms of predicted temperature 
(T = 0°C at t = 0) contours up to t = 500 years. Maximum temperatures immediately adjacent 
to the repository of 100 to 110 "C are reached within 50 to 100 years. By 500 years, the 
maximum temperature is only about 70 "C. The results show that a region about 100 m wide 
above and below the repository will undergo joint aperture closure of as much as 0.05 mm, 
and that the region will increase over time. Beyond the regions of joint closure are regions 
where slight joint opening (<0.01 mm) is predicted. Similar to the HEFF models, the UDEC 
models predict small localized regions of joint slip primarily above the repository horizon. 

In summary, Mack et al. (1 989) show that tunnel excavation can induce magnitude changes of 
>lo% close to the repository and that these stress changes may induce localized joint closure 
and/or slip. They also clearly demonstrate that joint aperture closure and slip should occur in 
response to heat released from waste canisters, both for room-scale and repository-scale 
analyses. Mack et al. (1989), however, do not document changes in stress magnitude or 
direction due to thermal effects. 

Summary of Hardy and Bauer ( I  991) 

This report considers the effect of superposition of thermal and/or seismic stresses in the in- 
situ stress state around the proposed repository. The in-situ stress state consists of 01 = ov = 

7.0 MPa, 0 2  = OH = 4.2 MPa @ -030", 0 3  = Gj, = 3.5 MPa (@ -120". The planned layout for 
the repository at the time the analyses were performed had the tuff main access and 
emplacement-drift axes parallel to OH, and the midpanel access drifts parallel to ah. Thermal 
stress effects for the waste-emplacement drifts are directly(?) calculated via a transient heat 
flow analysis that simulates a period of time from waste emplacement out to t = 100 years. 
Calculated temperature changes are then fed to a coupled, thermomechanical analysis with 
thermal stress changes produced by the resulting temperature-induced thermal expansion of 
the rock mass (unfortunately, the details of most of this is not clearly presented in the report). 
Thermal stresses for the midpanel and tuff main access drifts were derived from 3D (?) 
thermomechanical simulations of the repository. The simulations yielded estimates of the 
stress state at the centerline of the drift locations and these were imposed as boundary 
conditions on the finite element meshes for the midpanel and tuff main access drifts. 
Corresponding temperature changes were used so that displacements were compatible with 
the simulated process (again, details just are not provided). 

Thermal stress results are not presented for the emplacement drift calculations. Results for 
the midpanel and main access drifts are given based upon an elastic analysis of a 
homogeneous host rock with an elastic modulus of 15.2 GPa. Results for the midpanel drift 
only, are then converted to thermal stress values for each of 5 "rock mass quality" categories. 
Thermal stress values are highest for category 5 (i.e., best rock). Maximum horizontal 
thermal stress values (on) range from 2.6 to 21.8 MPa. Minimum horizontal thermal stress 
values (aw) range from 1.7 to 14.4 MPa. Vertical thermal stress values (cZ) range from -0.6 
to -5.0. Results of superimposing the Hardy and Bauer (1 99 1) thermal and in-situ stress states 
for t = 100 years is shown in Table 2. Their analyses suggest that ov = 0 3  after 100 years for 
all but category 1 rock. 
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Table 2: Superposition of in-situ and thermal stress (Hardy and Bauer, 1991). For each 
category, the maximum principal stress is shown in red and the minimum principal stress is 
shown in blue. 

~~ 

Rock Mass Quality Category G x  ai G.2 

1 6.8 5.2 6.4 
2 8.8 7.5 6.0 
3 13.8 9.8 4.8 
4 25.8 17.8 2.0 
5 26.0 17.9 2.0 

Overall results are presented for JAC simulations of the tuff main access, midpanel access, 
and emplacement drifts using elastic-plastic (Mohr-Coulomb) and compliant-joint constitutive 
relationships. For all configurations, results are given for in-situ + thermal + seismic and in- 
situ - seismic cases. For the emplacement drift configuration, results are also provided for in- 
situ + thermal. Results are tabulated in terms of with the extent of yield zones determined 
from plastic yield, crushing strain andor extensile strain. In general, the yield zones are 0.5- 
2.0 m. 

In summary, Hardy and Bauer (1991) suggests that the stress state around the repository will 
be altered (mildly to significantly) by heat flow from the waste canisters. It is difficult to 
judge the validity of their analysis since: (1) they only superficially discuss models details 
such a geometry and boundary conditions; (2) they calculate thermal stresses from an elastic 
analysis then feed this into later inelastic analyses; and (3) they provide only distilled 
summaries of their stress results at t = 100 years (rather than detailed data). 

Summary of Hardy and Bauer (1 992) 

This very short report purports to present selected results from Hardy and Bauer (1991). 
However, the key graphs (Hardy and Bauer, 1991, Fig. 3) do not appear in the earlier report, 
nor is the raw data available in the earlier report. As such, this figure (which is used to show 
the time evolution of the principal stress magnitudes) is wholly unreliable. 

Summary of Ofoegbu (1 999) 

This report presents results of finite element analyses of the emplacement-drift area (Le., a 
repository-scale analysis) for the proposed repository and focuses on drift stability as 
indicated by changes in rock-mass quality ((3) and accumulation of inelastic (Le., plastic 
strain). The models are 2D with 100 drifts at a center-to-center spacing of 28 m (Le., the 
inter-drift pillar width is 23 m). Each drift is a 5x5 m square so that inter-drift pillar width is 
23 m. An initial heat conduction analysis using a time-decaying volumetric heat source 
applied uniformly within the perimeter of each drift provided the temperature history for a 
period of 150 yr. The temperature history served as input for the mechanical analyses. Two 
mechanical analyses were presented that represent cases with stiff drift support and degraded 
drift support. 
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Analysis results show accumulation of inelastic strain and final Q values. No stress data are 
presented since this was not the focus of the analysis. 

Summary of Ofoegbu (2000) 

This report presents results of finite element analyses that focused on changes in rock-mass 
hydrological properties in response to thermal loading at the proposed repository. Unlike 
Ofoegbu (1999), this is a “drift-scale” analysis where the drift was a 5.5 m diameter circle. 
The geometry was based on the current 81 meter drift spacing. As with Ofoegbu (1999), the 
analyses consisted of sequentially-coupled heat conduction and static stress analyses. The 
heat-conduction step used a time-decaying volumetric heat source (initial strength 1.266 
kW/m decaying to 0.0166 kW/m at 10,000 years). The mechanical analysis used three steps: 
( I )  initial step to establish static equilibrium; (2) removal of material to simulate drift 
excavation; and (3) application of temperature history from heat conduction analysis. 
Simulations were carried out for a 150 year period. The analyses were run for two cases 
representing a high rock-mass quality (RMQ5) and a low rock-mass quality (RMQI). For 
elastic-plastic analyses, the rock mass dilation angle (v) was set to 50% the rock mass friction 
angle (4 = 27.5 or 34.4’). Poisson’s ratio was set to 0.21, and Young’s Modulus to 7.8 or 
32.6 GPa. Specific heat capacity and thermal expansivity were defined with a temperature 
dependence. Additional material parameters were unconfined compressive strength (reduced 
50% of intact-rock value) = 84 MPa and cohesion = 2.82 or 5.08 MPa. Some models used a 
constant cohesion whereas others used cohesion degradation (constant for t < 50 years, 
reducing to 50% of initial value over period 50 < t < 100, then constant at 50% of initial for 
remainder). 

Analysis results show increased horizontal stress (at t = 150 years) almost everywhere around 
the drifts (except for small areas near the drift sidewall). The horizontal stresses seem to be 
unaffected by the RMQ. Vertical stresses generally increased immediately around the drifts 
and both increased or decreased in the drifts. Note: the stress results come from a linear 
elastic analysis, not the elastic-plastic analysis - this could have some effect on results. Most 
of the remaining results consist of plots of fracture-permeability change (Rk) for the different 
cases where Rk is calculated from the inelastic volume strain and initial fracture porosity 
(value unspecified). Results suggest that most of the thermal alteration is restricted to regions 
either near the drift opening or at the middle of the interdrifl pillar. 

AUGUST 13, 2003- 

Summary of Barr (2000) 

This Analysis and Model Report (AMR) report focuses on “. . .development of preliminary 
analyses of the interactions of a hypothetical dike with a repository drift (i.e., tunnel) and with 
the drift contents at the potential Yucca Mountain repository” (p. 7). Of concern here is the 
issue of “. . .the nature of the mechanics of the dike/drift interactions.” 

Barr (2000) presents two conceptual models for dike/drift interaction: 
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1. The drift represents an insignificant ..eterogeneity such that the dike propagation is 
essentially unaffected. 

2. The dike strongly interacts with a “stress-altered” regime that surrounds the 
repository. The altered zone is temporally variable region that results from the 
superposition of the in-situ stress state and the effects of both tunnel excavation and 
heat generation from waste emplacement. Barr (2000) cites Hardy and Bauer (1992) 
as support for the idea that the altered zone will have 0 3  rotated from an initially 
horizontal orientation to vertical. 

Without supporting documentation, Barr (2000) states that model (2) is the “...physically 
more complete conceptual model.. .” and then proceeds to base the remaining analyses on 
model (2). 

In discussing the thermomechanical evolution of the repository, Barr (2000) summarizes 
information from earlier workers (Mack et al., 1989; Hardy and Bauer, 1991, 1992) and 
concludes that the horizontal stresses at the drift will increase from their initial levels of 3-6 
MPa to 15-20 MPa such that 0 3  becomes crv for the time period of -10-2000 years after waste 
emplacement. As previously discussed, the Hardy and Bauer ( I  99 1 ,  1992) results are far 
from conclusive and contain numerous inconsistencies. In addition, Barr (2000) incorrectly 
cites Mack et al. (1989) in support of thermal stress alteration around the repository. Barr 
(2000) further confuses the issue by incorrectly citing Mack et al. (1989) in support of the 
stress-modification extending several hundred meters away from the repository. 

Summary of Ofoegbu et al. (2001) 

This journal article discusses the thermal and geomechanical effects on percolation flux 
through the unsaturated zone at the proposed repository. Aspects of fracture-aperture change 
due to thermal loading are reiterated from Ofoegbu (2000). The initial fracture porosity (+fo) 

is specified as 

AUGUST 14,2003 ?j!df 
I/ 

Summary of Ofoegbu (2001) 

This report also presents results of finite element analyses that focused on changes in rock- 
mass hydrological properties in response to thermal loading at the proposed repository. 
Results from linear elastic analyses (for both M Q 5  and RMQl) indicated that failure is 
possible in both the drift roof and sidewall areas since the stress increases would exceed the 
rock strength. Results for the mid-pillar areas, however, were dependent on the rock quality. 
For the high stiffness rock (Le., good rock, RMQS), stress increases would approach failure. 
In contrast, stresses in the mid-pillar areas appear to decrease for the low stiffness rock 
(RMQ1). 

Summary of Detournay et al. (2003) 

This Final Report of the Igneous Consequences Peer Review Panel reiterates some of the 
unproven conclusions from Barr (2000) and earlier sources with regards to the extent of 
thermal modification to the stress field around the repository. While the majority of this 
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report is not focused on the thermal stress issue, the topic is broached several times since the 
overall thermomechanical framework of the repository volume may influence the such things 
as the dike propagation direction and velocity. In particular, Detournay et al. (2003) speculate 
that large thermal stresses will act to reduce the size of the tip cavity ahead of the magma 
front. The result (in their opinion) is a greater likelihood for a violent eruption of magma into 
the repository tunnels. 

Unaddressed Issues in Earlier Work 

1. Strain accommodated by joint closure and/or slip = less stress accumulation. 
2. Inelastic deformation of rock mass = less stress accumulation. 
3. Hypothetical stress increases could induce rock failure before maximum levels are 

reached (cf. Ofoegbu, 200 1). 
4. Nearly all previous analyses are based on site geometries that are no longer being 

considered. 
5. None of the previous analyses considered realistic geology (Le., stratigraphic 

variations) or accurate topography. 

AUGUST IS, 2003 -yy 
U 

Outline of Approach Analytical Solution 

This section outlines the thought process and procedures for determining an analytical 
solution to thermal stresses and strains. To make the problem tractable analytically, we 
assume that the material is isotropic, homogeneous, and elastic. 

The total strain (E,, ) can be found from: 

where E: is the elastic strain and E,; is the thermal strain. For linear elastic materials, 
given by: 

( 5 )  
E T  

E, = E ,  + E ,  

is 

where E is Young's Modulus, v is Poisson's Ratio, and a,, is the Kronecker delta. The 
thermal strain ) is given by: 

(6b) T 
E,, = a,ATG, 

where a, is the coefficient of linear expansivity and AT is the change in temperature. 
Substituting equations 6a and 6b into equation 5 ,  we have the total strain: 

l + v  V 

' / E  E 
E = -o,, --ukkS,, +a ,ATS,  (7) 

In terms of principal values, equation 7 expands to: 
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I + v  v 
E E 

I + v  v 
E E 

E, z-6, - - ( D ~  +c2 + u 3 ) + a , A T  

=--a2 --(al +02 + D , ) + ~ , , A T  
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l + v  v 

E E 
E~ = - cr3 - - (0, + o2 + a,) + a, AT 

From linear elasticity, the total stress (cry ) can be written as the sum of the elastic and thermal 
stress components: 

which expands to 

where: 

( 9 4  

(9b) 

E T  
c y  =Q,/ +no 

o,, = As,.$,, + 2psU - a,(3A + 2p)hTdy 

E v  a =  
(1 + vX1 - 2v) 

2(1+ v) 

a2 = A(&-, + E2 + q) + 2p5 - Gr. (32 + 2p)AT 

(9c) E p=- 

Equation 9b can be rearranged to solve for principal stress values, yielding: 
oI = + c2 +E,) + 2p5 - ar. (3A + 2p)AT' 

(10) 
a3 = A(&, + g2 + E ~ )  + 2p~j -aL, (3A + 2p)M 

These equations are derived for the sign convention where negative stresses are 
compressional whereas positive strains are extensional. 

I 

Given the above equations along with reasonable estimates for material properties, it is 
possible to solve for total stresses and/or strains due to elastic and thermal loads. Several end- 
member simplifications will be presented since they provide "bounds" for later more 
complicated (Le., realistic analyses). For all these cases, we will further assume that one of 
the principal stresses is always vertical and that the other two are horizontal and oriented at 
030" and 120". This configuration mimics the in-situ stress state at Yucca Mountain at 300 m 
depth where DJ = a, = 7.0 MPa, a2 = OH= 4.2 MPa @ -030", 0 3  = a h  = 3.5 MPa @ -120". 

Case 1 - System that is completely-constrained 

T For this case, E,' = s i  = sh = 0. This case yields the greatest increase in stress magnitude for 
all stress directions, given by: 

ov = oH = oh = - a , ( 3 A  + 2 p ) A T  (1 1) 
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While case 1 provides an extreme upper-bound for stress increase, it is not geologically- 
realistic. 

Case 2 - System that is completely unconstrained 

T T T  For this case, o, = o, = oh = 0 .  Like case 1,  this is geologically unrealistic but it does 
provide an upper-bound on thermal strain magnitude. Thermal strain is given by: 

(13) E,, = E ,  = E, = E, = a,AT 

Case 3 - System that is horizontally-constrained but vertically-unconstrained 

For this case, E; = E; = 0 and 0,' = 0 .  Case 3 is somewhat more realistic from a geologic 
standpoint, particularly for rocks at shallow crustal levels where the ground surface can allow 
expansion upwards. Equations 8 and 10 are then reduced to: 

0, = o  E 
1-v 

oH = oh = -a,AT 

Case 3 yields the maximum increase in horizontal stress magnitude due to thermal effects. It 
is important to note that this case is still not completely realistic since it neglects any strain in 
the horizontal direction while allowing essentially infinite thermal strain in the vertical 
direction. 

AUGUST 25,2003 yA 
Case 4 - More generalized system where thermal stress reduced via thermal strain 

Here we will develop an intermediate configuration betweens cases 1 and 2. This case will be 
more geologically realistic than case 3 in that some thermal strain will be allowed in all 
directions. For simplicity, we will only consider strain accommodated by joint closure. The 
equations are developed in a general form so that the amount of joint closure strain ( E ,  ) can 
be specified within the range from 0 (i.e., no thermal strain, which reverts to case 1) up to the 
maximum thermal strain E,, (i.e., reverts to case 2). 

With this formulation, the magnitude of thermal strain is reduced to: 

and the revised total strain (E, ,  ) is given by: 

E, T =aLATS, ,  - E ,  
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Using this revised total strain, the principal stresses can then be calculated from equation 10. 
The case 4 approach can be implemented in a standard Microsoft Excel spreadsheet allowing 
for rapid stress calculation as a function of different joint closure strains. 

SEPTEMBER 8, 2003 :F#- 
Yucca Mountain Fracture Data 

General Approach 

This section discusses and synthesizes the available fracture data for Yucca Mountain. These 
data (i.e., orientation fracture spacinghtensity, aperture, etc.) are necessary for assessing the 
potential magnitude of thermal strain that can be accommodated in the repository area during 
thermal heating. 

Fracture data obtained from numerous DTNs (including GS9909083 14224.009, 
GS97 1 1083 14224.023, GS970808414224.008). + SEPTEMBER I I ,  2003 

Summaries of fracture data also available in synthesized form from Sweetkind and Williams- 
Stroud (1996), the “Yucca Mountain Site Description” (CRWMS M&O, 2000), and Nieder- 
Westermann (2000). Important statement in Yucca Mountain Site Description (p. 4.6-39) - 
‘pactures in lithophysal units tend to link lithophysal cavities ”. Need to consider the volume 
of lithophysal cavities, in addition to regular fracture apertures, when assessing how much 
thermal strain can be accommodated. 

SEPTEMBER 15,2003 B 
Another key quote from Sweetkind and Williams-Stroud (1996, p. 34) - “Strain 
accommodation by existing fractures exerts a powerful influence on the number of joint sets 
that can form within a given volume of rock and is one reason why the degree of development 
ofjoint sets is so highly variable JFom one place to another in the Yucca Mountain area “. 

SEPTEMBER 22,2003 -3 Jd 
Fracture data collected in support of characterization analyses of Yucca Mountain are 
numerous and varied. Data have been collected on surface exposures, in exploratory 
boreholes, and in tunnels and alcoves of the Exploratory Studies Facility (ESF) and ECRB. A 
complete synthesis/evaluation of all fracture data is beyond the scope of this analysis, 
however, so for the purposes of this study we will restrict ourselves to the data collected in the 
potential repository host horizon (RHH) as evaluated in the ESF and ECRB. The primary 
data sources are Brechtel et al. (1 999 ,  Albin et al. (1 997), Kicker et al. (1 997), Mongano et 
al. (1999), and numerous digital data sets (GS9607083 14224.0 10, GS9609083 14224.014, 
GS9702083 14224.003, GS9708083 14224.008, GS9708083 14224.010, GS9708083 14224.012, 
GS97 1 1083 14224.020, GS97 1 1083 14224.023, 
GS971108314224.024, GS971108314224.025, GS971108314224.026, GS971108314224.028, 

GS97 1 1083 14224.02 1, GS97 1 1083 14224.022, 
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GS0006083 14224.004, GS9904083 14224.001, GS9904083 14224.002). We have also made use of 
several key reports that synthesize the primary data (Sweetkind and Williams-Stroud, 1997; 
CRWMS M&O, 2000; Nieder-Westermann, 2000; Board, 2003). In addition, a number of 
reports that are cited in earlier DOE-contracted reports were sought but not located (e.g., Barr 
et al. 1996; Beason et al. 1996; Eatman et al. 1997). 

Fracture data in the ESF and ECRB were collected primarily from the four proposed RHH's 
in the Miocene Topopah Springs Tuff - upper lithophysal zone (Tptpul), middle 
nonlithophysal zone (Tptpmn), lower lithophysal zone (Tptpll), lower nonlithophysal zone 
(Tptpln). Since lithologic character (i.e., degree of welding, presence/absence of lithophysal 
cavities) was expected to be a significant control on fracturing, the analyses were mainly 
coached in terms of stratigraphic unit. Need to remember that different tracelength "lower 
cut-offs" were used at different times ( e g ,  in ESF from 28+00 to 37+80 they used 230 cm, 
but from 37+80 to 55+00 they switched to 21 m except for 50 m segments between 45+00 to 
45+50 and 50+00 to 50+50). 

The north-south-trending ESF main drift exposes only Tptpmn whereas the generally 
northeast-southwest-trending ECRB provides data for all RHH's. Fracture orientations were 
classified into sets on the basis observation of multiple modes using various statistical 
software - CLUSTRAN for ESF main drift (Albin et al. 1997); DIPS for the ECRB (Mongano 
et al. 1999). 

# SEPTEMBER 23,2003 

v Fracture Data - Middle Nonlithophysal Unit (Tptpmn) in ESF 

For the ESF main drift, Albin et al. (1997) defined five fracture sets (sets 1-4 plus random) in 
the middle nonlithophysal unit: 

a) Set 1 - 120"/80" - dominant set, found everywhere 
b) Set 2 - 220"/80" 
c) Set 3 - 3 1 0"/30" - absent from 42+00 to 50+00 
d) Set 4 - 270-330"/40-60" - only from 28+00 to 37+00 
e) Random - especially 28+00 to 42+00 

The main drift is oriented approximately 183", and as such, it was biased against all fractures 
with strikes of with 15-20" of 183" (or 003"). Albin et al. ( I  997) present their data in terms of 
4 structural domains (domain 1 = 28+00 to 37+00, domain 2 = 37+00 to 42+00, domain 3 = 
42+00 to 51+50 = intensely fractured zone, domain 4 = 51+50 to 55+00) that are defined by 
presence/absence of fracture sets, changes in fracture distributioddensity, and/or changes in 
relative number of fractures per set. Albin et al. (1997) report an overall (mean?)fracture 
density of 4.76 m-' for domain 3 .  Based on the ESF spreadsheet data (Table 3), we calculate 
the fracture density (based on median fracture spacing and corrected for tunnel orientation) to 
be 2.26, 2.45, 7.89, and 2.30 m-l for domains 1 to 4, respectively. The most prominent set 
(Le., set 1) have median intensities of 2.58, 2.75, 8.87, and 3.01 m-' for domains 1 to 4, 
respectively. The other steeply-dipping set (set 2) have a median intensities of 2.42, 1.84, 
1.32, and 1.19 m-' for domains 1 to 4, respectively. The shallow fractures (set 3) have a 
median intensities of 1.39, 1.88, 1.35, and 3.69 m-l for domains 1 to 4, respectively. 
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Maximum apertures are also quite variable, both with respect to fracture set and domain 
(Table 4). 
Table 3: Summary of median fracture intensity measurements (in m-’) for ESF main drift 
(data from DLS spreadsheets). 

Category Domain 1 Domain 2 Domain 3 Domain 4 

All Fractures 2.26 2.45 7.89 2.30 
Set 1 2.58 2.75 8.87 3.01 
Set 2 2.42 1.84 1.32 1.19 
Set 3 1.39 1.88 1.35 3.69 
Set 4 0.19 n. a. n. a. n. a. 

Table 4: Summary of mean maximum aperture measurements (in mm) for ESF main drift 
(data from DLS spreadsheets). 

Category Domain 1 Domain 2 Domain 3 Domain 4 

All Fractures 0.33 0.48 0.49 1.37 
Set 1 0.18 0.47 0.39 1.17 
Set 2 0.63 1.01 0.94 2.28 
Set 3 0.88 0.05 0.18 0.00 
Set 4 0.54 n. a. n. a. n. a. 

Random 0.27 0.25 0.75 1.19 

As noted above, portions of the main drift DLS data (primarily stations 28+00 to 37+80) were 
collected with a lower tracelength cut-off of 30 cm rather than the subsequent cut-off of 1 m. 
This difference in sampling technique primarily affects domain 1 (i.e., stations 28+00 to 
37+00). Of the 2774 fractures recorded over this interval, 1022 (37%) had total tracelengths 
of <1 m. Separation of the domain 1 data into subsets based on tracelength ( 4  m and 21 m) 
reveals several trends. For the short tracelength subset, 41% of the fractures fall into the 
random category with 34% in set 1. In contrast, the long tracelength subset has 29% random 
and 46% in set 1. Maximum fracture aperture also shows an unexpected (?) trend. The short 
tracelength subset shows consistently smaller mean maximum aperture values (e.g., 0.22 vs. 
0.40 mm for entire domain, 0.13 vs. 0.20 mm for set 1, 0.30 vs. 0.88 mm for set 2, 0.75 vs. 
0.95 mm for set 3, 0.09 vs. 0.61 mm for set 4). For all but the set 4 fractures, the median 
fracture intensity is greater for the smaller tracelength subset for a given fracture set (1.76 vs. 
1.30 m-’ for entire domain, 1.90 vs. 1.62 m-l for set 1, 1.88 vs. 1.09 m-’ for set 2, 0.90 vs. 0.76 
m-’ for set 3, 0.06 vs. 0.16 m-l for set 4). Despite our observations, Albin et al. (1 997) state 
that “...comparison of data collectedfiom fiactures with trace lengths of 30 cm to 1 m with 
those having longer trace lengths shows no significant differences either in terms orientation, 
location or other recorded characteristics between the two sets of data” (p. 42,45). 

Fracture Data - Middle Nonlithophysal Unit (Tptpmn) in ECRB 
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For the ECRB, Mongano et al. (1 999) present fracture data as a function of lithostratigraphic 
interval. They recognize 3 fracture sets that are present in all 4 RHH's and an additional set 
that is present in only the two lithophysal units (Table 5). 

Table 5: Average fracture set orientations for each repository host horizon based on DLS data 
collected in the ECRB (Mongano et al. 1999). 

Set Tptpul Tptpmn Tptpll Tptpln 

1 122"/83" 122"/84" 157"/80" 134"/80" 
2 195"/83" 1 95 "185 " 032"/84" 027"/77" 198"/82" 
3 3 02"/3 8" 306"/09" 340"/06" 336"/17" 
4 088"/86" n. a. 070"/85" 097"/84" n. a. 

Mongano et al. (1999) maintain that their sets 1 and 2 correspond to the ESF sets 1 and 2, 
respectively, and that their sets 3 and 4 correspond to ESF set 3. The most direct comparison 
is between the ECRB data from Tptpmn (total of 931 fractures) and the ESF main drift data. 
While there is good agreement with respect to set 1 orientations (120"/80" in ESF versus 
122"/84" in ECRB), there is greater disagreement for sets 2 (220"/80" for the ESF versus 
195"/85" for the ECRB) and 3 (3 10"/30" for the ESF versus 306"/09" for the ECRB). 

SEPTEMBER 24, 2003 _ _  Y 
It is important to note that some confusion exists with regards to the grouping of fracture sets 
for the Tptpmn interval in the ECRB. Mongano et al. (1999) report CLUSTRAN analyses that 
give only 3 sets for the 931 fractures (-63% set 1, -31% set 2, -6% set 3), which requires 
very broad "windows" for sets 1 and 2 to catch outliers (Le., the random category). The issue 
is complicated since Mongano et al. (1 999) never explicitly list their window criteria. Nieder- 
Westermann (2000) present selection criteria for Tptpmn that result in 50% of the fractures 
(462 out of 93 1) being assigned to the random category. With the Nieder-Westermann (2000) 
criteria, there are 32% set 1 fractures, 13% set 2 and 6% set 3. According to Nieder- 
Westermann (2000), the average orientations for joint sets 1 to 3 are 131"/84", 209"/83", and 
329"/09", respectively. Finally, Board (2003) presents a summary of ECRB data that they 
attribute to Mongano et al. (1999) that includes a 4'h set for the Tptpmn interval (characterized 
as variable azimuths and dips between 20 and 45"). 

Given the various reports, it is difficult to generalize the results in terms of fracture intensity, 
maximum aperture, and/or tracelength as a function of fracture set. That said, here are results 
of our analysis. The overall median fracture intensity for the Tptpmn interval in the ECRB is 
3.13 m-l (based upon apparent spacing) with a median total tracelength of 2.01 m and a mean 
maximum aperture of 1.69 mm. Table 6 summarizes results for the Tptpmn interval in the 
ECRB based upon the Mongano et al. (1999) criteria. Table 7 summarizes results for the 
Tptpmn interval in the ECRB based upon the Nieder- Westermann (2000) criteria. 
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Table 6: Summary of DLS fracture data for Tptpmn interval in ECRB with set selection 
based upon Mongano et al. ( I  999) criteria (estimated from their figures since criteria 
are not explicitly stated in the report). A total of 930 discontinuities were recorded 
and all were partitioned into one of the three sets. 

Median Intensity Median Total Mean Maximum 
(m-9 Tracelength (m) Aperture (mm) Category 

All Fractures 4.5 1 
Set 1 1.66 
Set 2 1.81 
Set 3 1.48 

2.01 
2.13 
I .75 
3.45 

I .69 
0.81 
3.72 
0.25 

Table 7: Summary of DLS fracture data for Tptpmn interval in ECRB with set selection 
based upon Nieder- Westermann (2000) criteria. A total of 930 discontinuities were 
recorded, of which 50% fall into the random category. 

Median Intensity Median Total Mean Maximum 
(m-') Tracelength (m) Aperture (mm) Category 

All Fractures 4.5 1 
Set 1 1.48 
Set 2 1.37 
Set 3 1.46 

Random 2.37 

2.01 
2.25 
1.70 
3.45 
I .93 

1.69 
0.99 
6.19 
0.25 
1.15 

A comparison of data in Tables 6 and 7 shows that median intensity for both sets 1 and 2 are 
decreased by using the Nieder- Westermann (2000) criteria. The decrease is most significant 
for the set 2 fractures (nearly 54% reduction). Median total tracelength values are essentially 
unaffected. Mean maximum aperture with the Nieder- Westermann (2000) criteria display a 
slight increase for set 1 (-10%) whereas the aperture value for set 2 increases by 40%. 
Although the original Mongano et al. (1999) report never presents a summary of mean 
spacing or tracelength data, Board (2003) provides a table (Table 2, p. 3-7) that he attributes 
to Mongano et al. (1999). According to Board (2003), the mean spacing for sets 1 to 3 are 
0.5, 1.48, and 4.2 m, respectively. These values correspond to mean intensities of 2.0, 0.68, 
and 0.24 m-', respectively. The corresponding mean intensities values from the DLS data set 
using the Mongano et al. (1999) criteria (same as applied for Table 7) are 1.15, 1.14, and 
1.01 m-l for sets I to 3, respectively. The differences between values reported by Board 
(2003) and those obtained from the DLS data set are unexplained presently. 

Also note that ECRB spreadsheet data for Tptpmn contain total tracelength measurements of 
4 m even though a lower tracelength cut-off of 1 m was (supposedly) employed. Of the 93 1 
discontinuities, I I have total tracelengths of 4 m and an additional 29 have tracelengths of 
1.00 to 1.05 m. 
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Fracture Data - Lower Lithophysal Unit (Tptpll) 

Since a large portion of the proposed repository will be built in the lower lithophysal (Tptpll) 
horizon, it is worthwhile summarizing the fracture data for this interval. 

Unfortunately, the ESF tunnel only encounters a small portion of the Tptpll (from stations 
57+29 to 58+78) and therefore only records a small number of discontinuities (n=38). The 
overall median fracture intensity for the Tptpll interval in the ESF is 0.58 m-' (based upon 
apparent spacing) with a median total tracelength of 2.26 m and a mean maximum aperture of 
4.21 mm. Of the 38 fractures, 23 (61%) were assigned to set 1 yielding a median intensity 
(based on true spacing) of 0.61 m-', a median total tracelength of 2.96 m, and a mean 
maximum aperture of 5.22 mm. Two fractures fell into set 2 (5%) yielding a median intensity 
(based on true spacing) of 0.74 m-I, a median total tracelength of 1.76 m, and a mean 
maximum aperture of 2.50 mm. None of the measured fractures fell into set 3 (the shallow 
fractures). The remaining random fractures (n=13 or 34%) had a median intensity of 0.44 m- 
, a median total tracelength of I .90 m, and a mean maximum aperture of 2.69 mm. 1 

Sampling of the Tptpll was somewhat better in the ECRB where the unit was encountered 
from station 14+44 to 23+26. Fracture data for the Tptpll horizon analyzed in the ECRB are 
summarized in Table 8 based upon the set selection criteria of Nieder-Westermann (2000). 

Table 8: Summary of DLS fracture data for Tptpll interval in ECRB with set selection based 
upon Nieder-Westermann (2000) criteria. 

Number Median Intensity Median Total Mean Maximum 
(4 Tracelength (m) Aperture (mm) 

Category 
and % 

All Fractures 300 / 100% 1.01 1.86 
Set 1 86 I 29% 0.52 1.65 
Set 2 65 122% 0.26 1.70 
Set 3 19 I 6% 2.02 3.42 

Random 130 I 43% 0.48 1.85 

3.12 
2.24 
3.57 
0.47 
3.87 

Of the 300 discontinuities recorded in the Tptpll in the ECRB, 86 (29%) were assigned to set 
1, 65 (22%) were assigned to set 2, and 19 (6%) were assigned to set 3 with the remaining 130 
(43%) assigned to the random category. Unlike the Tptpmn data, the Tptpll data show no 
evidence of total tracelengths < 1 m. 

SEPTEMBER 25,2003 .. y __ 

Fracture data for the Tptpll horizon analyzed in the ECRB are summarized in Table 9 based 
upon the set selection criteria of Mongano et al. (1 999). 
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Table 9: Summary of DLS fracture data for Tptpll interval in ECRB with set selection based 
upon Mongano et al. (1999) criteria  (estimated from their figures since criteria are not 
explicitly stated in the report). 

Category Number 
and % 

Median Intensity 
(m-1) 

Median Total 
Tracelength (m) 

Mean Maximum 
Aperture (mm) 

All Fractures 300 / 100% 1.01 1.88 3.12 
Set 1 218 / 73% 0.64 1.70 3.54 
Set 2 8 / 3% 0.08 2.50 5.75 
Set 3 20 / 7% 1.52 3.81 0.45 
Set 4 54 / 18% 0.22 1.80 2.04 

 
Of the 300 discontinuities recorded in the Tptpll in the ECRB, 218 (73%) were assigned to set 
1, 8 (3%) were assigned to set 2, and 20 (7%) were assigned to set 3 with the remaining 54 
(25%) assigned to set 4.  This breakdown of fractures is quite different than that for the 
Nieder-Westermann (2000) criteria (compare Tables 8, 9), particularly with regards to Sets 1 
and 2, and the random fractures. 
 

SEPTEMBER 26, 2003 ________  
 
As Figure 1 shows, the three fracture sets determined for Tptpmn are nearly orthogonal 
whereas those for Tptpll are not (particularly those of Nieder-Westermann, 2000).  
Calculating the best fit (Fisher vector and Bingham axial distributions) for the Tptpmn sets 
(Figure 1A) yields averages of 124°/83° (Set 1, 9.5° cone at 95% confidence), 208°/83° (Set 
2, 19.5° cone at 95% confidence), and 313°/16° (Set 3, 19.1° cone at 95% confidence).  
Calculating the vector mean for the Tptpll sets (Figure 1B) yields averages of 151°/81° (Set 1, 
26.5° cone at 95% confidence), 016°/82° (Set 2, no confidence cone because of poor 2-point 
spread), and 333°/06° (Set 3, 5.6° cone  at 95% confidence).   
 
 

Albin et al. (1997)

Mongano et al. (1999)

Nieder-Westermann (2000)

(A)

 Equal Area

Set 1

Set 2

Set 3

Mongano et al. (1999)

Nieder-Westermann (2000)

(B)

 Equal Area

Set 1

Set 2

Set 2

Set 3

 
Figure 1.  Equal-area stereonet plots of poles to fracture sets for (A) Tptpmn and (B) Tptpll.  
The mean vectors and associated 95% confidence cones are shown in orange. 



ScientiJic Notebook 606E Date Printed 9/28/2006 

SEPTEMBER 29, 2003 

In addition to the fracture set orientations, we need estimates of fracture spacing and fracture 
aperture in order to estimate the amount of strain that can be accommodated via joint closure. 
Some joint closure models (e.g., Bandis et al., 1983; Barton et al., 1985) also require 
additional variables (e.g., joint roughness coefficient, joint compressive strength) and/or 
empirically-derived constants. Where available, estimates for these parameters are used for 
the RHH’s. Where unavailable, values from the literature are used (e.g., Hsiung et al., 1994). 

For simplicity, we will restrict ourselves to data for Tptpmn and Tptpll that was collected in 
the ECRB (this is merely a convenience to reduce the number of initial analysis cases since 
only time and $$ control how many analyses can be handled). Since the criteria used to 
determine fracture sets showed considerable variability, we will analyze each unit using both 
the Nieder-Westermann (2000) and Mongano et al. (1999) criteria. A summary of fracture 
parameters is given in Table 10. 

Table 10: Summary of fracture parameters for Tptpmn and Tptpll intervals in ECRB. 

Fracture Nieder-Westermann (2000) Mongano et al. (1999) 

Tptpmn Tptpll Tptpmn Tptpll Parameter 

Median Set I 1.48 0.52 I .66 0.61 
Set 2 Fracture 

Intensity 0.84 
(m-’) - Set 3 1.48 

0.2 1 
0.15 

1.81 0.09 
1.48 1.52 

Mean Set 1 0.99 2.24 0.81 3.73 
Set 2 Maximum 

Aperture 6.19 3.57 3.72 5.67 

(mm) Set 3 0.25 0.47 0.25 0.45 

Mean Joint Set 1 9.75 11.10 9.62 1 1.86 
Set 2 Roughness 

Coefficient 9.5 1 12.26 9.52 16.22 
( J W  Set 3 14.1 1 16.42 14.1 1 16.00 

Median Total Set 1 2.25 1.65 2.13 1.70 
Tracelength Set 2 I .70 1.70 1.75 2.50 

(m) Set 3 3.45 3.42 3.45 3.81 

Note: Median values are used where the distribution is highly skewed since under these circumstances the 
median is a better predictor of “central tendency” compared to the mean. 

The DLS data record a “fracture roughness” measurement that employs the Bureau of 
Reclamation roughness coefficient scale that varies from R1 (very rough) to R6 (very 
smooth). Sweetkind and Williams-Stroud (1996, Table 4, p. 31) provide a table that gives a 
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general correlation between the Bureau of Reclamation’s coefficient and the joint roughness 
coefficient. While an exact match isn’t given (e.g., R1 > 20; R2 = 16-20, R3 = 10-16; R4 = 6- 
10; R5 = 2-6; R6 = 0-2), we used the table to convert each DLS roughness coefficient into an 
equivalent JRC by assigning JRC values that were at the midway point of each range (Le., R l  
= 22; R2 = 18, R3 = 13; R4 = 8; R5 = 4; R6 = 1). 

Joint Closure Strain Calculation 

General Approach 

The amount of shortening that can be accommodated via joint closure can be bounded at the 
upper end by the initial joint aperture (i.e., 100% shortening would completely close the 
joint). This is clearly an upper-bound since joint surface topography (Le., roughness) prevents 
all but the smoothest of surfaces from closing completely. Other estimates can be obtained 
from the literature. Bandis et al. (1983) and Barton et al. (1985) present empirically-derived 
equations for determining joint closure as a function of normal stress and/or material 
parameters (e.g., JRC, JCS, initial joint aperture). Hsiung et al. (1994) analyzed natural 
fractures in the Apache Leap Tuff and determined an average aperture change of 
approximately 50% was typical for these rocks. 

SEPTEMBER 30, 2003 ~ Y 
Bandis et al. (1983) derived an empirical relationship for maximum joint closure ( Vm) as a 
function of initial aperture thickness (a,), joint compressive strength (JCS), and joint 
roughness coefficient (JRC): 

where A, B, C, and D are constants derived from regression analyses of multiple 
loading/unloading cycles. This relationship is considered suitable for unfilled, interlocked 
joints where JRC = 5- 15, JCS = 22- 182 MPa, aj = 0.10-0.60 mm, and the initial normal stress 
(ani) I 1 kPa. Values of constants for 3 (or more) cycles as given by Bandis et al. (1983) are 
A = -0.1032, B = -0.0074, C = 1.1350 and D = -0.2510. As a check on the data, the initial 
joint aperture can be predicted from: 

a .  =-.(0.2.---0.1) JRC 6, 

J 5  JCS 

where ac is the uniaxial (unconfined) compressive strength. 

Building on earlier work, Barton et al. (1985) present a joint closure model that predicts the 
change in joint aperture (AV,) in terms of the normal stress (a,,): 
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1 a 
Km b 

where a = - and - = V ,  . The initial joint normal stiffness ( K,, ) is given by: 

K,, = -7.1 5 + 1.75 JRC + 0.02. - r-3 
Barton et al. (1985) point out that normal stiffness values are not constant, but vary as a 
function of the normal stress. As such, the value of K,, needs to be determined for each 
increment of on using: 

r 7 -2 

Using the values A ,  B, C, and D from Bandis et al. (1983), equation ( 1 5 )  can be used to 
estimate the maximum joint closure. Alternatively, equations (17) and (18) can be used to 
determine the change in joint normal aperture. Finally, Hsiung et al. ( 1  994) fit equation ( 1  7) 
to normal stress versus normal displacement data from experiments on the Apache Leap Tuff 
and determined values of pairs of constants a and b for five loading/unloading cycles. The 
mean values for the 5‘h cycle from their 27 tests were a = 0.0557 k 0.0343 and b = 0.2836 k 
0.1047. Using these values, equation 17 can be solved for joint aperture change as a function 
of normal stress. 

Results for Tptpmn and Tptpll 

Following-up on the above discussion, a spreadsheet was established to estimate the change in 
joint aperture using the 4 different formulations. The upper bound is given by complete joint 
closure. Results show that the lower bound turns out to be the “arbitrary” 50% shortening 
(Le., closure ofjoint to one-half the initial aperture) as determined by Hsiung et al.(1994) for 
the Apache Leap Tuff. Intermediate values of aperture change are given by equations ( 1 5 )  
and (1 7). 

Joint closure strains are then calculated for each for the middle nonlithophysal and lower 
lithophysal units for each of the three fracture sets using both the Nieder-Westermann (2000) 
and Mongano et al. (1999) selection criteria. To estimate the joint closure strains, the 
measured fracture intensities are used to determine the number of fractures present over a 
target length. The sub-vertical fractures (Sets 1 & 2) will accommodate sub-horizontal 
normal strain while the sub-horizontal fractures (Set 3) will accommodate sub-vertical normal 
strain. As such, the target length for set 3 fractures is the average unit thickness (-33.5 m for 
Tptpmn and -86.5 m for Tptpll). The target lengths for the sub-vertical fractures (Sets 1 & 2) 
were determined from the current repository geometry (Le., emplacements drifts oriented 
072”) and the strike-normal for the fracture set (Fig. ?). The target lengths for set 1 and 2 
fractures are 123 and 105 m, respectively. The joint closure strain is then calculated as an 
elongation from: 
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where the initial length (I, ) is the target length and the final length ( I f  ) is given by: 

where n is the number of fractures present over the target length and afis the new aperture 
(i.e., the initial aperture minus the calculated closure). 

1, =I , -n . aa /  (20) 

OCTOBER 10, 2003 

Thermal Stress Calculation 

General Approach 

Already said this but just to reiterate. The simplifying assumption is that we will restrict 
ourselves to consideration of just the 3 principal (i.e., normal) stresses, and that we will 
assume that each principal stress will act on one and only one joint set - that is the joint set 
that is normal to the principal stress. Also, a principal stress that is compressional is assumed 
to act to close a joint, whereas a tensional stress will act to dilate a joint. Given the fracture 
set orientations, we will make the simplifjing assumption that: (1) set 1 fractures with 
northwest-southeast strike will accommodate mainly northeast-southwest strain via closure 
(Le., the in situ minimum horizontal stress direction OH); (2) set 2 fractures with northeast- 
southwest strike will accommodate mainly northwest-southeast strain via closure (Le., the in 
situ maximum horizontal stress direction Oh); and (3) the sub-horizontal set 3 fractures will 
accommodate mainly vertical stress. 

9 OCTOBER 13,2003 

Based on above, joint closure strains were calculated for the Tptpmn and Tptpll intgrvals 
using the fracture intensity and aperture estimates of both Mongano et al. (1 999) and Nieder- 
Westermann (2000) and the 4 different aperture closure formulations - total of 16 
combinations, 8 for Tptpmn and 8 for Tptpll. 

Qualitative evaluation of joint closure strains reveals that Set 2 fractures accommodate the 
greatest shortening for the Tptpmn interval (in the current OH direction, -030"), independent 
of set-selection criteria or aperture closure formulation. In contrast, Set 1 fractures 
accommodate the greatest shortening in Tptpll (in the a h  direction, - 120"). 

Joint closure strains for each of the 16 cases are used in the thermal stress spreadsheet to 
calculate a hypothetical stress history (recall equation 14). Calculations assume an initial 
temperature of 20°C with a 5°C temperature step up to a maximum of 220°C - corresponds to 
temperature change from 0 to 200°C. The upper temperature is based on current repository 
estimates and the step value was chosen to give a reasonable number of data point for the 
history. For ease of calculation, we assume that the temperature effect acts uniformly over the 
entire volume of interest, rather than a distribution that has this value only near the drift-wall 
contact with decay to lower temperatures further away. Assumption is conservative since a 
more realistic distribution with lower temperatures equates to smaller thermal stress effect, 
which in turn requires less joint strain accommodation. A density of 2210 kg/m3 is assumed 
for all rock and we choose a depth of 323 m for all calculations. These values provide a good 
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fit to the in situ stress estimates of (Le., a, = 7.0 MPa, OH = 4.2 MPa, ah = 3.5 MPa). Other 
material parameters are Young's Modulus of 20 GPa, coefficient of thermal expansion of 
~ . O X ~ O - ~  K-', Poisson's Ratio of 0.21, and uniaxial compressive strength of 187 MPa. For 
failure envelope calculations, the good rock (RMQ5) was assigned an internal friction angle 
of 34.4" and cohesion of 5.08 MPa, whereas the poor rock has an internal friction angle of 
27.2" and cohesion of 2.82 MPa. 

Results for Tptpmn and Tptpll 

Reminder about basic approach (cf. equation 14) -the affect of increasing temperature on the 
overall stress state (i.e., the increase due to temperature change) is partially mitigated by 
allowing joint closure strains (up to the calculated magnitude) to accommodate thermal-stress 
induced strain. The extreme endmember case of complete-horizontal constraint and no 
vertical constraint, my calculations mimic the earlier workers in that a flip-flop of principal 
stress axes occurs such that the minimum principal stress becomes vertical. It is worth noting, 
however, that our analyses show that the maximum principal stress for such a case could only 
reach levels of approximately 28 MPa for RMQ1 and 45 MPa for RMQ5 before exceeding the 
failure strength for each case - principal stresses of >50 MPa are not attainable. This is 
illustrated by means failure envelopes and stress state plotted in 3 different stress spaces - ON 
versus OS (Le., Mohr circles or normal stress versus shear stress), 0 1  versus 0 3  (i.e., principal 
stress space), and a, versus maximum OS (mean stress versus shear stress). 
Results show that none of the 8 cases for Tptpmn result in flip-flop of principal stresses - the 
vertical stress always remains the maximum principal stress (up to and beyond the point 
where the rocks would fail). Also, the minimum horizontal stress always remains oriented at 
120". For all but 1 of the 8 Tptpll cases, flip-flop of maximum principal stress from vertical 
does not occur although there is a switch of the horizontal stresses (minimum horizontal stress 
goes from 120" to 030"). The only case where the vertical stress ceases to be a1 occurs for 
the Mongano et al. (1 999) set-selection criteria using the case of maximum joint closure strain 
(i.e., the upper bound case where the joint is assumed to close completely = reduction to zero 
aperture). For this case, the initial minimum principal stress (a3 = ah) begins to increase at 
AT = 55°C and becomes larger than OVat AT = 65°C (so stress state becomes a1 = OH at 120", 
0 2  = ov at vertical, and 0 3  = Oh at 030"). At AT = 70"C, the vertical stress begins increasing 
such that the difference between cq and 0 2  never exceeds 2.5 MPa. Rock failure is predicted 
at a1 = 21 MPa and 36 MPa, respectively, for RMQI and RMQ5. The 50% aperture-closure 
case for Mongano et al. (1999) set criteria does come close in that the horizontal 120" stress 
(Le., initial 03) increases to nearly the same magnitude as av (difference of -0.5 MPa). 
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Site 
Geometry 

1. Room-scale and repository scale analyses 
for both vertical and horizontal 

2. Emplacement drifts oriented 030" with a 
emplacement. 

; 

Dare Printed 9/28/2006 

-~~ ~ 

Accurate Heat Accurate 
Load Topography' G e o l o d  

80 kW/acre No NO 

d L'GUST 29 ,2003 

Mack et al. 
(1989) 

Hardy & Bauer 
(1991) 

Hardy t Bauer 
(1992) 

Ofoegbu 
( 1999) 

Table A1 : Comparison of thermal-mechanical modeling studies. 

1. Thermal-elastic 
2. Thermal-elastic with joints 

1. Thermal-elastic (w/ t w/o 
joints) and elastic-plastic but 
... 

2. Thermal stresses calculated 
for elastic analysis. 

1. Thermal-elastic-plastic (MC). 
2. Mechanical degradation via 

reduction in E, 4, and co. 

Material 
Model 

Study 

1. Room-analysis for vertical emplacement. 
2. Emplacement drifts oriented 030" with a 

spacing of 126 f t  (-38 m). 57 kWlacre No No 

I 3. Dilation angle w unspecified. 
I 1. Thermal-elastic-plastic (MC) 

Ofoegbu 
(2000) 

. ,  

within 100 m above and 
below room, but only 
thermal-elastic beyond this 

2. Dilation angle set to 0.54. 
3. Mechanical degradation via 

Same as Hardy t Bauer (1991) 

1. Repository-scale with 100 drifts @ 28 m 
spacing and 23 m wide pillars. 

2. Each drift is 5x5 m square and includes 
concrete liner. 

I .  Room-scale analysis with 5.5 m diameter 
circle and 8 1 m drift spacing. 

I No 

85 metric tons of Uranium 
per acre 

reduction in E, 4, and co. 
Ofoegbu et d. Same as Ofoegbu (2000) (200 1) 

1. Applied source 
strength of 1.226 No for thermal- 

to 0.0166 kW/m at approximately 
P l O k  yrs. yes for thermo- 

No 

No for thermal- 
mechanical, but 
approximately 
yes for thermo- 

hydrologic. 

~~ ~ 

Ofoegbu 
(2001) Same as Ofoegbu (2000) 

Accurate topography would reflect a realistic topographic (ground surface) profile above the repository. 
Accurate geology would reflect the stratigraphic layering that exists at the proposed repository, including reasonable values for material parameters for the 

different layers (Le., lithophysal versus nonlithophysai). 
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SOURCE DATA, LISTED BY DATA TRACKING NUMBER 
 
GS971108314224.020. Revision 1 of Detailed Line Survey Data, Station 0+60 to Station 4+00, North 

Ramp Starter Tunnel, Exploratory Studies Facility. Submittal date: 12/03/1997. 
 
GS971108314224.021. Revision 1 of Detailed Line Survey Data, Station 4+00 to Station 8+00, North 

Ramp, Exploratory Studies Facility. Submittal date: 12/3/97. 
 
GS971108314224.022. Revision 1 of Detailed Line Survey Data, Station 8+00 to Station 10+00, 

North Ramp, Exploratory Studies Facility. Submittal date: 12/3/97. 
 
GS971108314224.023. Revision 1 of Detailed Line Survey Data, Station 10+00 to Station 18+00, 

North Ramp, Exploratory Studies Facility. Submittal date: 12/3/97. 
 
GS971108314224.024. Revision 1 of Detailed Line Survey Data, Station 18+00 to Station 26+00, 

North Ramp, Exploratory Studies Facility. Submittal date: 12/3/97. 
 
GS971108314224.025. Revision 1 of Detailed Line Survey Data, Station 26+00 to Station 30+00, 

North Ramp, Exploratory Studies Facility. Submittal date: 12/3/97. 
 
GS960708314224.008. Provisional Results: Geotechnical Data for Station 30+00 to Station 35+00, 

Main Drift of the ESF. Submittal date: 08/05/1996. Data has been submitted to the TDMS and is 
currently being processed.  This data set has not been found as of Jan. 2004. 

 
GS000608314224.004. Fracture Type data from the Main Drift of the ESF, and Yucca Mountain 

Project Detailed Line Survey-Data collected from Station 35+00 to 40+00, 01/05/1996 to 
02/02/1996. 

 
GS960708314224.010. Provisional results: Geotechnical Data for Station 40+00 to Station 45+00, 

Main Drift of the ESF. Submittal date: 08/05/1996. 
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GS9711083 14224.026. Revision 1 of Detailed Line Survey Data, Station 45+00 to Station 50+00, 
Main Drift, Exploratory Studies Facility. Submittal date: 12/03/1997. 

GS960908314224.014. Fracture Type data from the ESF North Ramp (really Main Drift), and Yucca 
Mountain Project Detailed Line Survey-Data Collected from Station 50+00 to 55+00. 
05/06/1996 to 06/05/1996. 

GS9711083 14224.028. Fracture Type data (Revision 1 of Detailed Line Survey data) South Ramp, 
ESF, collected from stations 55+00.18 to 59+99.95,06/04/1996 to 07/02/1996. 

GS9702083 14224.003. Geotechnical Data for Station 60+00 to Station 65+00, South Ramp of the 
ESF. Submittal date: 121 12/1997. 

GS9708083 14224.008. Provisional Results: Geotechnical Data for Station 65+00 to Station 70+00, 
South Ramp of the ESF. Submittal date: 08/18/1997. 

GS9708083 14224.0 10. Provisional Results: Geotechnical Data for Station 70+00 to Station 75+00, 
South Ramp of the ESF. Submittal date: 08/25/1997. 

GS9708083 14224.0 12. Provisional Results: Geotechnical Data for Station 75+00 to Station 78+77, 
South Ramp of the ESF. Submittal date: Submittal date: 08/25/1997. 

GS9904083 14224.001. Detailed Line Survey Data for Stations 00+00.89 to 14+95.18, ECRB Cross 
Drift. Submittal Date: 09/09/1999. 

GS9904083 14224.002. Detailed Line Survey Data for Stations 15+00.85 TO 26+63.8, ECRB Cross 
Drift. Submittal Date: 09/09/1999. 
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U 
Yucca Mountain Fracture Data 

Continuation of material that begins on page 13 of this notebook. The primary data sources 
are digital data sets: (GS9607083 14224.010, GS9609083 14224.014, GS9702083 14224.003, 
GS970808314224.008, GS9708083 14224.010, GS9708083 14224.012, GS9711083 14224.020, 
GS9711083 14224.021, GS971108314224.022, GS971108314224.023, GS971108314224.024, 
GS9711083 14224.025, GS97 11083 14224.026, GS9711083 14224.028, GS0006083 14224.004, 
GS9904083 14224.001, GS9904083 14224.002). The table below summarizes the sample location 
and stations, filenames, relevant DTN, and collection period for the available DLS data. 

Location Filename DTN Stations Date Collected 

zz-sep-2 15402.txt GS990408314224.001 00+00.89 to 14+95.18 06/0 1/1998 to 08/27/1998 
zz-sep-2 15404.txt 68990408314224.002 15+00.85 to 26+63.85 07/27/1998 to 11/05/1998 

zz-sep-227882.txt GS9711083 14224.020 0+61.70 to 03+98.78 11/21/1994 to 03/22/1995 
zz-sep-227881.txt GS971108314224.021 4+00.50 to 7+99.93 03/22/1995 to 06/02/1995 
zz-sep-227880.txt GS97 1 1083 14224.022 08+00 to 10+00 06/02/1995 to 06/20/1995 
zz-sep-227879.txt GS971108314224.023 10+00.09 to 17+99.03 06/20/1995 to 09/27/1995 
zz-sep-215352.txt GS971108314224.024 18+01.00 to 25+99.74 09/27/1995 to 11/08/1995 
zz-sep-215354.txt GS971108314224.025 26+02.85 to 29+99.30 11/08/1995 to 12/01/1995 

ECRB Cross Drift 

ESF North Ramp 

missing missing 30+00 to 40MO missing 
zz-sep-215358.txt GS0006083 14224.004 35+00 to 40MO 01/05/1996 to 02/02/1996 

ESF Main Drift zz-sep-215356.txt GS960708314224.010 40+00 to 45MO 02/02/1996 to 03/2 1/1996 
zz-sep-215359.txt GS9711083 14224.026 45+00.05 to 49+99.48 0312 111 996 to 06/05/1996 
zz-sep-215360.txt GS960908314224.014 50+00 to 55+00 05/06/1996 to 06/05/1996 

zz-sep-215366.txt GS971108314224.028 55+00.18 to 59+99.95 06/04/1996 to 07/02/1996 
zz-sep-215368.txt GS970208314224.003 60+00 to 65+00 06/16/1996 to 08/26/1996 

zz-sep-215384.txt GS970808314224.010 70+00 to 75+00 12/03/1996 to ? 
zz-sep-2227883~ 

ESF South Ramp zz-sep-2227884.txt GS970808314224.008 65+00 to 70+00 ? 

GS970808314224.012 ~ ------_---_--_____--_____I____I____ 75+00 to 78+77 03/06/1997 _____ to 06/ 17/1997 

All the original detailed line survey (DLS) fracture data files, which exist as unparsed text 
files, were compiled into a single Microsoft Excel spreadsheet YM DLS a l l .  xls. The 
compilation process involved parsing the individual files and sorting themeasurements by 
Station location. The compiled spreadsheet consists of two sheets - one for the ECRB 
(ECRB-all) and one for the ESF (ESF-all). The ECRB data is complete, whereas the ESF 
data is only from station 18+01 to 71+68, with only partial data for stations 30+00 to 35+00. 
This limitation was imposed because of the availability of the raw data files. If the 
appropriate raw data files are located in the future, then the compilation can be modified. 

DTN: MOOOO8SPAFRAO6.004 includes four Microsoft Excel files (FINAL-Tptpul . xls, 
FINAL-Tptpmn. xls, FINAL-Tptpll . xls, FINAL-Tptpln. xls) that contain a 
compilation of DLS data from both the ECRB and ESF. The data, however, only consists of 
orientation, station location, spacing, tracelength, and aperture. The fractures are separated 
into 3 or more sets for each interval and the spacings are corrected for tunnel azimuth/plunge. 
The missing ESF interval (30+00 to 35+00) is present in FINAL-Tptpmn.xls so this is 

Dr. Kevin J. Smart 29 



Scientijk Notebook 606E Date Printed 9/28/2006 

used to supplement the file YM DLS a l l .  xls. These four spreadsheets also contain 
information on the tunnel orientation (Grid & plunge) so that the correction of spacing data 
can be accomplished. Although the tunnel orientation is not provided for every station 
location along the ESF and ECRB, it is possible to extrapolate values since large extents have 
constant orientation. 

JANUARY 2 3 , 2 0 0 4  pg 
d 

Starting with YM DLS all . x l s ,  five new spreadsheets are created - one each for Tptpul, 
Tptpll, Tptpln and two for Tptpmn (one with IFZ and one without). 

Two files are created for Tptpmn - one with the "intensely fractured zone" included and one 
without. Since the IFZ is dominated by set I fractures (Le., NW-SE strikes, steep dip), 
excluding it makes the analysis of the overall Tptpmn interval more representative. The file 
(YM - DLS - Tptpmn - without-IFZ . xls) is then resorted into the primary fracture sets 
according to the following rules: 

a) Set 1 includes all fractures with dips 2 70" and strikes from 080" to 170" (or 260" to 

b) Set 2 includes all fractures with dips 2 70" and strikes from 351" to 079" (or 171" to 

c) Set 3 (or sub-horizontal) includes all fractures with dips 530". 
d) Set 4 (or random) includes all other fractures (all fractures with dips > 30" and < 70"). 

350"). 

259"). 

These rules were established by first plotting all the Tptpmn fractures (excluding IFZ) on an 
equal-area stereonet (n=6824). Calculation of eigenvalues and eigenvectors via the "principal 
components" tool in StereoStut (Watson, 1966) provides a semi-quantitative assessment of 
fracture sets with primary eigenvectors (Le., poles to fracture sets) oriented 035"/05" (pole to 
set I), 126"/08" (pole to set 2), and 275"/81" (pole to set 3). Based on this analysis, set 3 was 
established as all fractures with dips I 30", and sets 1 and 2 were established as having dips 2 
70". An equal-area plot of the set 3 fractures (n=545, 8% of total) gives a mean set 3 
orientation of 327"/09" with a Watson k = 14.88 (Fisher k = 29.131). A scatter plot and rose 
diagram were constructed for those fractures with dips 2 70". Principal component analysis 
reaffirmed that this subset of the data is similar to the entire data set with 2 sub-horizontal 
eigenvectors - 035"/05" (pole to set 1 fractures) and 125"/06" (pole to set 2 fractures). 
Fractures for sets 1 and 2 were plotted separately on equal-area plots and analyzed with the 
StereoStut principal component tool. The mean set 1 orientation (n=3928 (58% of total) was 
found to be 125"/85" with a Watson k = 8.426. The mean set 2 orientation ( ~ 1 8 3 5 ,  27% of 
total) was found to be 217"/85" with a Watson k = 6.676. An overall summary is provided in 
Table 11 and Figure 2. 
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Table 1 la. Summary of fracture data from Middle Nonlithophysal interval (excluding 
intensely fractured zone) based on ESF and ECRB raw data, and calculations by K.J. Smart. 
This data was collected with a lower tracelength cut-off of 1 meter. 

Watson & Total True 
Median 

Set t& Orientation dispersion (m) (m) Intensity 
Fisher Tracelength Spacing Number Mean 

Percentage coefficients Mean Median Mean Median 

All 6824,100% n. a. n. a. 2.19 + 2.47 1.54 n. a. n. a. n. a. 

1 3928,58% 125"/85" 8'426 2.24k2.15 1.66 0.55k2.32 0.30 3.38k23.29 

2 1835,27% 217"/85" 6*676 1.97k2.48 1.40 0.81 k2.72 0.37 2.73 + 28.65 

14*88 2.68+3.63 1.64 0.96* 1.29 0.49 2.02k37.25 3 545,8% 327"/09" 29.131 
Random 5 16,8% n. a. n. a. 2.05 k 2.97 1.23 n. a. n. a. n. a. 

Note: Fisher k is only calculated for set 3 fractures since these have a polar distribution. 

APRIL 27, 2004 zid . -. 
d 

DTN: M09904MWDFPG16.000 includes a file ( z z  sep 2 15405. txt) that contains 
fractures (position and orientation, only) extracted fromFul1 Periphery Geologic Maps of the 
ESF. Data set consists of 30,559 measurements that range from stations 00+60.29 to 
78+59.60, and does not discriminate by lithostratigraphy. The input text file was compiled as 
an Excel spreadsheet (FPGM ESF Fractures. xls) and information from other files was 
used to determine lithostratiiraphc interval (70% Tptpmn) for the data from stations 17+97 
to 71+68. 

Fracture orientation data for Tptpmn based on the full-periphery geologic mapping is very 
similar to that collected via DLS. Two sub-vertical fracture sets are recognized (average 
orientations of 130"/85" and 220"/85") along with a prominent sub-horizontal set (average 
orientation 325"/07"). Figure 3 presents a summary of the FPGM data for the Tptpmn 
interval. 
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Figure 2.  Summary of orientation data for fractures from Tptpmn collected via DLS in the 
ECRB and ESF using a lower tracelength cut-off of 1 meter.  This data set excludes fractures 
from the intensely fracture zone (IFZ). 
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FPGM_ESF_Tptpmn-set3.gdf

Fisher:
k = 24.994  T/P = 235/83; S/D = 325/07
Alpha95 = 0.75409°;   Angular Std. Dev. = 16.256°

Watson:
e3 = 0.92;  T/P = 235/82;  k = 13.11
e2 = 0.04;  T/P = 062/08
e1 = 0.03;  T/P = 332/01

Watson:
e3 = 0.89;  T/P = 040/05  k = 9.776
e2 = 0.10;  T/P = 130/05
e1 = 0.02;  T/P = 266/83

S/D = 130/85

Watson:
e3 = 0.85;  T/P = 130/05  k = 7.438
e2 = 0.13;  T/P = 040/03
e1 = 0.02;  T/P = 279/85

S/D = 220/85

FPGM_ESF_Tptpmn-steep.gdf

Watson:
e3 = 0.65;  T/P = 040/05;  k = 3.28
e2 = 0.33;  T/P = 131/05
e1 = 0.02;  T/P = 263/83

130 +/- 45;  strikes 085 to 175 (265 to 355)
040 +/- 45;  strikes 356 to 084 (176 to 264)

FPGM data for Tptpmn from ESF

Strikes 356 to 084 (176 to 264)
Dips >=70

Strikes 085 to 175 (265 to 355)
Dips >=70

File name = FPGM_ESF_Tptpmn_summary.ai April 27, 2004

Equal Area

Lower Hem.

Total Data : 21226

N

Equal Area

Lower Hem.

Total Data : 1443 (7%)

N

Equal Area

Lower Hem.

Total Data : 17548 (83%)

N

Area Scaling

Largest Freq : 6.92%
Total Data : 17548 (83%)

Resultant : 139
Ang. Dev. : 30

N

Equal Area

Lower Hem.

Total Data : 12091 (57%)

N

Equal Area

Lower Hem.

Total Data : 5457 (26%)

N

 
 

Figure 3.  Summary of orientation data for fractures from Tptpmn collected via full-periphery 
geologic mapping in the ESF. 
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Fracture data for the lower lithophysal interval collected via detailed line survey (trace d ngths 
> 1  meter) is tabulated and summarized in YM - DLS Tptpll . xls, and shown in Table 12 
and Figure 4. Fracture sets were determined in a similar manner as for Tptpmn. The fractures 
in the lower lithophysal are dominated (nearly 60%) by northwest-southeast striking, sub- 
vertical set, similar to the middle nonlithophysal interval. Two other sub-vertical sets are 
present (east-west striking and northeast-southwest striking) along with a sub-horizontal set. 

Table 12. Summary of fracture data from Lower Lithophysal interval based on ESF and 
ECRB raw data, and calculations by K.J. Smart. This data was collected with a lower 
tracelength cut-off of 1 meter. 

True 

Orientation dispersion (m) (m) 

Median 
Intensity 

Watson & Total 
Fisher Tracelength Spacing Number 

Percentage 

Mean 

(m-') 
Set 

coefficients Mean Median Mean Median 

All 327,100% n. a. n. a. 4.10 f 4.98 1.91 n.a. n. a. n. a. 

1 192,59% 151"/82" 10.66 4.25 f4.47 1.82 4.53 f8.83 1.43 0.70* 10.51 
2a 46, 14% 225O187" 14.88 3.82f-5.07 1.90 7.81 k9.58 4.01 0.25 f-0.89 
2b 50,15% 091°/85" 17.24 2.19k 1.98 1.50 11.81 f- 15.41 6.74 0.15f 1.42 

33'87 7.36 f- 10.39 3.42 8.98 f 14.56 1.68 0.61 f 2.51 53.085 3 19, 6% 3 29"/05" 

Random 20.6% n. a. n. a. 4.88 f 5.39 2.78 n. a. n. a. n. a. 

Note: Fisher k is only calculated for set 3 fractures since these have a polar distribution. 
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YM_DLS_Tptpll-shallow.gdf
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k = 53.085
T/P = 239/85; S/D = 329/05
Alpha95 = 4.6°;   Angular Std. Dev. = 10.841°
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e2 = 0.03;  T/P = 040/05
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e1 = 0.02;  T/P = 237/82

S/D = 151/82

Watson:
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e2 = 0.05;  T/P = 025/05
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e1 = 0.02;  T/P = 233/82

151 +/- 35;  strikes 116 to 186 and 296 to 006
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File name = YM_DLS_Tptpll_summary.ai April 28, 2004
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Figure 4.  Summary of orientation data for fractures from Tptpll collected via DLS in the 
ECRB and ESF using a lower tracelength cut-off of 1 meter. 
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Additional data collectec for small-scale fractures (tracelengths of 4 meter) in the Tptpll 
interval is tabulated in Small-Scale-Fracture-Data-Tptpll . xls (summarized in 
Table 13 and Figure 5). This data comes from three 6-meter long horizontal scanlines and 
nine 2-meter long vertical scanlines in the ECRB, and consists of a total of 649 fractures. 
Overall, the small-scale fracture orientations are remarkably similar to the longer (i.e., > 1 
meter tracelength) fractures. The northwest-southeast, sub-vertical set still dominates (5 1 %) 
and the sub-horizontal set is better developed (19%). The two other sub-vertical sets are 
present but are not strongly developed. 

Table 13. Summary of small-scale fracture data from the Lower Lithophysal interval in the 
ECRB, and calculations by K.J. Smart. This data was collected with an upper tracelength cut- 
off of 1 meter (Le., sampled fractures with tracelengths <1 meter). 

Watson & Total True 

8~ Orientation dispersion (m) (m) 

Median 
Intensity 

Fisher Tracelength Spacing Number Mean 
Set 

Percentage (m-9 Coefficients Mean Median Mean Median 

All 649, 100% n. a. n. a. 0.31 * 0.98 0.16 n. a. n. a. n. a. 
1 330,51% 147"/84" 6.676 0.25 *0.29 0.17 1.01 *14.24 0.05 20.28 * 40.17 

2a 30,5% 202"/87O 17.24 0.19k0.15 0.14 0.10k0.15 0.03 33.79j~114.2 

25*55 0.63 *2.07 0.19 0.25 *0.36 0.08 12.03k 78.32 
47.359 

2b 43,7% 088"/85" 14.88 0.36k0.98 0.16 0 .04i0 .03  0.03 34.45* 114.8 

3 125,19% 313"/04" 

Random 121,19% n. a. n. a. 0.75 f 2.55 0.22 n. a. n. a. n. a. 

Note: Fisher k is only calculated for set 3 fractures since these have a polar distribution. 

Figure 6 compares the orientations of short and long tracelength fractures measured in Tptpll. 
Results indicate that consistent sets are present regardless of fracture size. 

Dr. Kevin J. Smart 36 



Scientific Notebook 606E  Date Printed 10/12/2006 

Dr. Kevin J. Smart  37 

 

APRIL  28, 2004 ________  
 

 

Watson:
e3 = 0.83;  T/P = 057/06  k = 6.676
e2 = 0.15;  T/P = 327/04
e1 = 0.02;  T/P = 205/83
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Small-scale (tracelength < 1m) fracture data for Tptpll from three 6-meter horizontal
traverses and nine 2-meter vertical traverses in ECRB
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Dips >=70
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Figure 5.  Summary of orientation data for small-scale fractures from Tptpll collected in 
ECRB using an upper tracelength cut-off of 1 meter. 
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Comparison of Fractures in Tptpll

File name = Tptpll_Big+Small_Summary.ai April 28, 2004
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Figure 6.  Comparison of fracture orientations for short (<1 meter) and long (>1 meter) 
tracelength fractures from Tptpll. 
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As previously noted, the intensely fractured zone (IFZ) occurs in the ESF in the 6 t p m n  
interval and is dominated by northwest-southeast striking, sub-vertical fractures (set 1). 
Inclusion of the IFZ fractures brings the total number from 6824 to 11387. Fracture 
orientation data for Tptpmn with the IFZ is very similar to that with the IFZ excluded 
(summary in Table 14 and Figure 7). The two sub-vertical fracture sets are recognized 
(average orientations of 128"/84" and 22 1 "/85") along with the prominent sub-horizontal set 
(average orientation 327"/09"). The median spacing of set 1 fractures decreases nearly 50% 
from 0.30 m to 0.18 m when the IFS fractures are included in the analysis 

Table 14. Summary of fracture data from Middle Nonlithophysal interval (including intensely 
fractured zone) based on ESF and ECRB raw data, and calculations by K.J. Smart. This data 
was collected with a lower tracelength cut-off of 1 meter. 

Watson & Total True 

Br Orientation dispersion (m) (m) 

Median 
Intensity 

Mean Fisher Tracelength Spacing 
Number 

Percentage (m-9 
Set 

coefficients Mean Median Mean Median 

All 11387,100% n.a. n. a. 2.19 f 2.16 1.66 n. a. n. a. n. a. 
1 7767,68% 128°/84" 10.66 2.24*1.91 1.78 0.48f7.10 0.18 5.57*31.69 
2 2397,21% 221"/85" 6.676 1.97k2.27 1.45 1.27f 13.51 0.43 2.30f 25.67 

3 599,5% 327"/09" 28.018 14'88 2.54 f 3.50 1.55 1.04 + 1.73 0.50 2.02 f 35.79 

Random 624,5% n. a. n. a. 1.99 f 2.75 1.24 n. a. n. a. n. a. 

Note: Fisher k is only calculated for set 3 fractures since these have a polar distribution. 
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Figure 7.  Summary of orientation data for fractures from Tptpmn collected via DLS in the 
ECRB and ESF using a lower tracelength cut-off of 1 meter.  This data set includes fractures 
from the intensely fracture zone (IFZ). 
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Small-scale fractures (upper tracelength cut-off of 1 meter) were measured in the Gtpmn 
from two 6-meter horizontal and six 2-meter vertical scanlines in the ECRJ3. A total of 391 
fractures were measured. Data are summarized in Table 15 and Figure 8. The sub-horizontal 
set is clearly present (1 4% of total), but the sub-vertical (dips 2 70") fracture distribution is 
more complex than observed with the DLS data for the middle nonlithophysal interval. A 
rose diagram of the steep fractures suggests two prominent sets (one north-northwest striking 
and one northwest-striking. However, a contour plot of the steep fractures suggests that 5 sets 
of sub-vertical fractures are present (EW-striking, NW-striking, NNW-striking, NS-striking, 
and "E-striking) each accounting for about 12- 17% of total data. The separation into 5 sub- 
vertical sets yields higher values of the maximum Eigenvalue for each set from the Watson 
statistic. As such, we will go with the 5-set interpretation. 

Table 15. Summary of small-scale fracture data from Middle Nonlithophysal interval based 
on two six-meter horizontal and six 2-meter vertical scanlines in the ECRB, and calculations 
by K.J. Smart. This data was collected with an upper tracelength cut-off of 1 meter. 

Watson & Total True 

L& Orientation dispersion (m) (m) 

Median 
Intensity 

Mean Fisher Tracelength Spacing 
Number 

Set 
Percentage coefficients Mean Median Mean Median (m-9 

All 391, 100% n. a. n. a. 0.46 f 0.71 0.20 n. a. n. a. n. a. 
l a  55, 14% 132"/87" 50.52 1.22f 1.65 0.43 0.24f0.32 0.10 10.08f24.73 
lb  59,15% 100"/85" 13.11 0.97 f 1.72 0.30 2.87f 19.30 0.10 10.32f 30.13 
2a 68, 17% 159"/87" 25.55 0.38f 1.81 0.13 2.91 f21.54 0.08 11.83 f46.60 
2b 47,12% 179"/88" 25.55 0.24f 0.32 0.14 0.19f 0.26 0.08 13.05 f 75.13 
2c 53, 14% 202"/88" 25.55 0.49f0.56 0.27 0.11fO.13 0.05 20.00f67.12 

25S5 0.76 f 1.00 0.31 0.19 f 0.18 0.12 8.37 f 25.42 42.197 3 54, 14% 312"/05" 

Random 55, 14% n. a. n. a. 0.33 f 0.63 0.17 n. a. n. a. n. a. 

Note: Fisher k is only calculated for set 3 fractures since these have a polar distribution. 
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Watson:
e3 = 0.98;  T/P = 042/03  k = 50.52
e2 = 0.01;  T/P = 304/68
e1 = 0.01;  T/P = 133/22
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Small-scale (tracelength < 1m) fracture data for Tptpmn from two 6-meter horizontal
traverses and six 2-meter vertical traverses in ECRB
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File name = ECRB_Small-Scale_Tptpmn.ai May 3, 2004
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Figure 8.  Summary of orientation data for small-scale fractures (upper tracelength cut-off of 
1 meter) from Tptpmn collected via two 6-meter horizontal and six 2-meter vertical scanlines 
in the ECRB. 
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Fracture data for the lower nonlithophysal interval (Tptpln) collected via detailed line s;rvey 
using a lower tracelength cut-off of 1 meter is summarized in YM DLS Tptpln .  x l s ,  and 
shown in Table 16 and Figure 9. Fracture data for the Tptpln interval comes only from the 
ECRB since no fracture data for this interval was collected in the ESF. Fracture sets were 
determined in a manner similar to the other intervals. The fractures in the lower 
nonlithophysal interval are dominated by two sub-vertical sets - northwest-southeast striking 
(48%) and northeast-southwest striking (30%). A minor north-south striking, sub-vertical set 
is also present along with a sub-horizontal set. 

Table 16. Summary of DLS fracture data from the Lower Nonlithophysal interval (Tptpln) 
based on scanlines in the ECRB, and calculations by K.J. Smart. This data was collected with 
an lower tracelendh cut-off of 1 meter. - - 

Total True 

&I Orientation dispersion (m) (m) 

Median 
Intensity 

Watson & 
Fisher Tracelength Spacing Number Mean 

m-9 
Set 

Percentage coefficients Mean Median Mean Median 

All 199,100% n. a. n. a. 4.04 f 4.44 1.93 n. a. n. a. n. a. 
l a  96,48% 134"/80" 25.55 3.85 f3.79 2.06 2.18+4.29 0.75 1.33 + 14.39 
2a 60,30% 209"/85" 10.66 4.42+ 5.36 1.86 2.25 +4.19 1.04 0.96h 22.77 
2b 22, 11% 170"/82" 33.87 5.70+5.12 2.28 9.18+11.77 5.52 0.18+7.87 

3 16,8% 337"/15" 67.639 33'87 1.55 f 1.02 1.31 2.75 +3.60 1.59 0.63 + 9.33 

Random 5,3% n. a. n. a. 4.02 f 4.87 1.85 n. a. n. a. n. a. 

Note: Fisher k is only calculated for set 3 fractures since these have a polar distribution. 
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Figure 9.  Summary of orientation data for DLS fractures in Tptpln as measured in the 
ECRB.  A lower tracelength cut-off of 1 meter was used. 
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Fracture data for the upper lithophysal interval (Tptpul) collected in the ECRB and ESF via 
detailed line survey (lower tracelength cut-off >1 meter) is tabulated and summarized in 
YM DLS T p t p u l  .xis, and shown in Table 17 and Figure 10. Overall, the orientation 
scatter for the Tptpul appears greater than for the other intervals. Based on dip magnitude, 
three populations were identified: (a) steep - dips 260" (87%); (b) intermediate - dips 30 to 
60" (9%); and (c) shallow - dips 130" (4%). The fractures in the upper lithophysal interval 
are dominated by a north-northeast striking sub-vertical set (60%). Three other less well- 
developed sets are present - NW-striking and sub-vertical, NW-striking and intermediate dip, 
and sub-horizontal. 

Table 17. Summary of DLS fracture data from the Upper Lithophysal interval (Tptpul) based 
on scanlines in the ECRB and ESF, and calculations by K.J. Smart. This data was collected 
with an lower tracelength cut-off of 1 meter. 

Median 
Intensity 

Watson & Total True 

Lk Orientation dispersion (m) (m) 
Fisher Tracelength Spacing 

Number 
Mean 

Set 
Percentage coefficients Mean Median Mean Median (m-3 

All 1578, 100% n. a. n. a. 2.61 f 3.78 1.36 n. a. n. a. n. a. 
l a  258,16% 121"/87" 14.88 2.20f2.28 1.44 3.38A6.17 1.17 0.85 f 19.43 
2a 946,6O% 186"/85" 7.897 2.23 f3.28 1.25 1.62A3.38 0.53 1.87f21.06 
2b 138, 9% 31 1"/40" 3.280 5.75 f6.83 3.30 4.10f 5.39 2.21 0.45 f 17.89 

11'75 5.43 f 5.61 3.88 3.53 f4.68 1.20 0.83 f26.42 19.716 3 62,4% 329"/12" 

Random 174,3% n. a. n. a. 1.80 A 1.86 1.18 n. a. n. a. n. a. 

Note: Fisher k is only calculated for set 3 fractures since these have a polar distribution. 
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Figure 10.  Summary of orientation data for DLS fractures in Tptpul as measured in the 
ECRB.  A lower tracelength cut-off of 1 meter was used. 
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The purpose of this notebook is to document analyses that partly address the general issue of 
drift-dike interaction. More specifically, how might modifications to the stress state near an 
emplacement drift due to thermal loading influence the propagation of an igneous dike. At 
the time this notebook was initiated, this work was sponsored by B. Hill as part of the Igneous 
Activity KTI. As part of the work, analyses of the fracture data collected by the DOE and it’s 
contractors at Yucca Mountain were initiated. 
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