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IMPLEMENTATION STATEMENT 

The potential for reduced construction time and enhanced stability with "top down" 
consimction is a distinct advantage of nailed retention systems in rock cuts. However, there is a 
lack of rational design procedures for these systems, and conservative design approaches that treat 
the rock as a soil have been used. The objective of this project is to formulate a design procedure 
for nailed rock excavations, which is linked integrally to the characteristics of the rock formations 
typically encountered in central Texas. Design recommendations are developed based on a 
systematic program of observation, documentation, and analysis of existing rock cuts. These 
recommendations include guidance on how to investigate a rock-cut site, when to use nails v&sus 
other forms of slope protection and support, and how to design nailed slopes. 

Prepared in cooperation with the Texas Department of Transportation and the U.S. Deparbnent of 
Transportation, Federal Highway Administration. 

DISCLAIMERS 

The contents of this report reflect the views of the authors, who are responsible for the 
facts and the accuracy of the data presented herein. The contents do not necessarily reflect the 
official views or policies of the Federal Highway Administration or the Texas Department of 
Transportation. This report does not constitute a standard, specification, or regulation. 

There was no invention or discovery conceived or first actually reduced to practice in the 
course of or under this contract, including art, method, process, machine, manufacture, design, or 
composition of matter, or any new and useful improvement thereof, or any variety of plant, which 
is or may be patentable under the patent laws of the United States of America or any foreign 
country. 

NOT INTENDED FOR CONSTRUCTION, 
BIDDING. OR PERMlT PURPOSES 

Priscilla P. Nelson 
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SUMMARY 

The objective of this project was to develop a rational design procedure for road cuts in the 

soft rocks of central Texas. Design recommendations were developed based on a systematic 

program of observation, documentation and analysis gf 53 existing rock cuts. A comprehensive 

field reconnaissance was conducted, and the behavior and characteristics of the rocks in natural and 

man-made exposures were observed and documented. The rock units in this study included 

primarily the Cretaceous-age sedimentary rocks that outcrop in a broad band from west of San 

Antonio through Austin, Waco and Dallas. The lithologies ranged from limestones and dolostones 

of varying purity, through clay-rich marls and clay shales. 

Observations included exposure geometry, rock mass quality, impact of weathering, and 

potential failure modes. Rock cores were also obtained and laboratory tests were conducted on 

core samples and grab samples from exposures. In addition, the performance of existing 

excavations and design procedures was evaluated. Performance information that was collected and 

analyzed included qualitative descriptions of stability, quantitative information on maintenance 

frequency and effort, and quantitative information on catchment adequacy. 

The performance data were analyzed to identrfy the most important factors affecting the 

performance of the studied rock cuts. The dominant mode of failure was localized raveling and 

differential erosion. This failure mechanism was particularly dominant in the Glen Rose Formation 

and the Austin Chalk. Raveling of loose blocks was also observed in the Edwards Formation 

where paleokarst and recent (in geologic time) solutioning has created cavities and fractures. The 

block sizes in both instances tended to be comparable in dimension to the bedding thickness, on the 

order of 0.5 m. Increased weathering and block fallout were associated with groundwater seepage 

from the cut or overland run-off flowing down the cut surface. Large-scale planar or wedge 

failures due to continuous, steeply dipping discontinuities were observed in only 3 of the 53 road 

cuts studied. In all cases, these failures were associated with faulted zones within the Glen Rose 

Formation, although similar conditions exist within the Austin Chalk and to a lesser extent within 

the Edwards Formation. 

Conventional information from borings provided limited information in predicting the 

performance of studied rock cuts. The quality of the rock core (i.e., the rock quality designation, 

RQD) did not correlate well with stability. W e  high RQD values are generally associated with 

good performance, low RQD values are not necessarily associated with poor performance. For 

example, the Edwards Formation generally had the lowest core quality, yet the slopes performed 

the best because the rock matrix in solution collapse zones fractured readily when cored but was 



cemented in situ. Stratigraphic information from borings, such as the presence of thick marly 

layers, was the most valuable type of information. It was found that differences in slake durabiity 

of greater than 20 to 30 percent between individual layers within a slope indicated aihigh potential 

for differential erosion. However, the absolute magnitude of slake durability, o! other related 

properties such as unconfined compressive strength, were not effective indicators of this failure 

Maintenance requirements tended to be Feater for cuts susceptible to raveling and., 

differential erosion, cuts with groundwater seepage, and taller cuts. Benches were effective at 

reducing the slope height and, therefore, reducing the maintenance requirements. However, 

benches were only effective if they were wide enough to catch rock fall from the slope above and 

cleaned frequently. Several of the studied slopes had benches that were filled with debris and 

could not be accessed for cleaning. Flat catchments to collect rock fall were effective if the width 

was greater than one-half the slope height. Water seepage and pressures promoted rock mass 

deterioration. The few rock cuts containing rock nails have all performed well to date. The nails 

and facing materials have prevented raveling and erosion that has occurred in other cuts at the same 

Design guidelines are provided for rock cuts in central Texas based on this study. A site 

investigation program consisting of a review of published geologic maps and literature, local 

experience, the data included in this report, and a field reconnaissance of the site and vicinity will 
be adequate in most instances. Additional investigation work, such as borings and laboratory 

testing, are recommended only when potentially continuous discontinuities trend nearly parallel to 

the slope face and dip toward the slope; if the slope is to be left unsupported with a narrow 

catchment area (less than 0.5 rimes the slope height); and when the slope is to be supported with 

In most instances, near-vertical, 10 to 30-m high rock slopes or cuts in the formations 

common to central Texas can be left unprotected and unsupported if an adequate catchment area (of 

at least 0.5 times the slope height) is provided at the toe to prevent rockfall from entering the 

In areas where adequate catchment cannot be provided due to right-of-way or other 

geometrical constraints, the slope should be protected from raveling and differential erosion with a 

thin layer of fiber reinforced shotcrete at the slope face. Spot nailing is recommended for 

supporting larger blocks (on the order of several meters in size) that may be unstable. Seepage and 

surface water control will also be helpful in minimizing raveling and erosion. 



In areas where external loads are to be supported near the crest of the rock cut, a pattern of 

short rock nails is recommended in addition to the shotcrete. Additional, longer rock nails should 

be installed near the slope crest if the external loads are large (e.g., a bridge abutment foundation). 

If continuous, steeply dipping discontinuities will daylight at the cut face, then rock nails 

should be installed across the discontinuity to support the potentially unstable wedge. This 

recommendation is intended for both slopes with and without external loads if a large-scale planar 

or wedge failure is possible. A design equation and design charts are presented to estimate the 

required nail loads. Again, fiber reinforced shotcrete should be applied at the cut face to prevent 

localized raveling and differential erosion. Drainage should be provided behind the shotcrete and 

within the slope to prevent build up of water pressures. 
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CHAPTER 1. INTRODUCTION 

1.1 Objective 
The Texas Department of Transportation (TxDOT) has designed and constructed a number 

of excavations and nailed walls in both soil and rock. The possibility for reduced construction time 

and enhanced stability with "top down" construction is a distinct advantage for nailed retention 

systems. However, because of a lack of design procedures and data for the relatively soft rocks in 

Texas, designs have been developed using a conservative approach similar to that used for soil 

excavation support with nails. 

The response of reinforced rock slopes is distinctly different from nailed soil slopes due to 

differences between rocks and soils. With soils, deformation occurs as a result of strains 

throughout the soil mass and the mass behaves essentially as a continuum. In contrast, rock 

response is conholled by deformations along discontinuities such as fissures, cracks, joints and 

faults. Accordingly, different design approaches are required for the design of nailed slopes in 

rock and soil. 

The objective of this project is to formulate a rational design procedure for nailed rock 

excavations, which is linked integrally to the characteristics of rock formations typically 

encountered in central Texas. The design recommendations will include guidance on how to 

investigate a site, when to use nails versus other forms of slope protection and support, and how to 

design nailed slopes. 

1.2 Aooroach 
The design recommendations have been developed based on a systematic program of 

observation, documentation and analysis of existing rock cuts in central Texas. The primary study 

districts are shown on Fig. 1.1; several rock cuts in other TxDOT districts were included as well. 

A comprehensive field reconnaissance has been conducted at fifty-three sites, and the behavior and 

characteristics of the rocks in natural and man-made exposures have been systematically observed 

and documented. The rock units in this study have included primarily the Cretaceous-age 

sedimentary rocks that outcrop in a broad band from west of San Antonio through Austin, Waco 

andDallas. The lithologies range from limestones and dolostones of varying purity, through clay- 

rich marls and clay shales. 

Observations have included exposure geometry, rock mass quality, impact of weathering, 

and potential failure modes. Rock cores have also been obtained and laboratory tests have been 



conducted on core samples and grab samples from exposures. In addition, the performance of 

existing excavations and design procedures has also been evaluated. Performance information that 

was collected and analyzed included qualitative descriptions of stability, quantitative,information on 

maintenance frequency and effort, and quantitative information on catchment adequacy. Finally, 

theoretical and numerical analyses have been performed to gain insight into the behavior of nailed 

cuts in rock. While the design recommendations are specifically for central Texas, the 

methodology developed for this project can be applied to other geologic formations encountered in 
I 

TxDOT construction. 

1 . 3  Report Organization 
This report is organized into nine chapters and five appendices containing supporting 

materials. 

Chapter 2 provides a brief overview of the regional geology encountered in exposures in 

central Texas. 

Chapter 3 contains a description of rock nailing technology. 

Chapter 4 provides a detailed description of the implemented program of field 

reconnaissance, data collection, site investigation, and laboratory testing. Appendices A, B, C and 

D contain the field data forms, maintenance data, boring logs and laboratory test results, 

respectively. 

In Chapter 5, the field performance data are summarized by district. The geologic 

formation, slope height and len,$h, method of support, and observed failure modes are tabulated 

for each site. In addition, rating schemes are developed and implemented to quantlfy the stabiity 

of different cuts based on visual observations, maintenance requirements based on documented 

maintenance information from TxDOT, and the adequacy of catchment areas to prevent rockfall 

from entering the roadway. 

The performance data are analyzed in Chapter 6. Comparisons are made between observed 

performance and that predicted by conventional rock mass classification schemes. Additional 

factors that affect the performance of these cuts in central Texas but are not necessarily included in 

conventional schemes are also identified. Catchment design procedures are also evaluated within 

the context of observed catchment performance. The detailed graphical and statistical analyses that 

support the work summarized in Chapter 6 are contained in Appendix E. 
Chapter 7 addresses the design of rock nails. The tensile capacities are estimated for 

grouted nails in the rock formations common to central Texas. Two design approaches are 

proposed for different rock types and conditions. The first approach treats the nails as structural 



members that support the rock and stabilize the rock mass, and is appropriate for sites in faulted 

areas where steeply dipping, continuous discontinuities that daylight into the rock face may be 

present. The second approach treats the nails as low-capacity reinforcing members that bind the 

rock mass together and prevent localized raveling and degradation. Design charts and guidelines 

are provided for estimating nail loads and determining required nail spacings and lengths. 

Guidelines are also included for facing material at the rock surface. 

Chapter 8 identifies and discusses the advantages and disadvantages of alternative control 

measures that can be used in combination with nails or in place of nails. 

Chapter 9 provides the major conclusions from this project and a set of design guidelines 

for rock cut designs in central Texas. 



Fig. 1.1 Boundary Map of the Primary Study Districts in Texas. 



CHAPTER 2. SUMMARY OF REGIONAL GEOLOGY 

2 .1  Introduction 

The research conducted for this project was concentrated in the Dallas, Fort Worth, Austin, 

and San Antonio Districts of TxDOT (Fig. 1.1). The rock cuts in these districts are primarily 

within Cretaceous-age (66 million years ago to 144 million years) formations, including the Austin 

Group, the Edwards Formation and the Glen Rose Formation. Exposures of the Walnut, 

Comanche Peak, Wincbell, and Wolf Mountain Formations were also encountered at a few 

locations. A summary of the regional geology in central Texas is presented in this chapter based 

on published literature as well as observations and experiences of the authors. 

2 .2  Dallas District 
The Austin Group is the most predominant "soft rock" formation exposed in the Dallas 

I 
I 

area. The Austin Group, commonly referred to as the Austin Chalk, was deposited during the 
I 
3 Cretaceous Period and outcrops in a northeast-southwest band that includes a significant portion of 

I Dallas and surrounding areas to the north and south of the metropolitan area. The Austin Chalk 

E has been subdivided into three separate members in the Dallas area based on lithology. The lower 

1 member is 61 m thick and consists of 0.6 to 1.5-m thick beds of chalk (soft limestone) interbedded 

I with 0.3 to 0.6-m thick beds of marl (Allen and Flanigan, 1986). Marl is a hard calcareous clay or 
i 
1 compact, impure limestone. The middle member is approximately 67 m thick and consists of 0.6 

1 to 1.5-m thick beds of marl interbedded with 0.3 to 0.6-m thick chalky limestone beds. The upper 
E 
1 member is similar in lithology to the lower member and averages 49 m in thickness. The Austin 
1 
f Chalk has a maximum thickness of about 206 m in Dallas County (Allen and Flanigan, 1986). The 
I 

I unweathered rock is ligbt gray and weathers to a dull tan color. The Chalk also contains seams and 
i 
1 beds of bentonitic material. Beds dip gently to the southeast at an approximate angle of 3 degrees 

toward the East Texas Embayment, a large broad basin marking the inland edge of the Gulf Coastal 

Plain. 

Major fault zones in the Dallas District are associated with the Balcones Fault Zone to the 

west of the Dallas area. Blakemore (1939) studied the area faults and found them to be dip-slip 

normal faults generally striking N 10" W and with vertical displacements usually less than 4.5 m. 

Woodruff (1980) put the age of the faulting at early Cretaceous to Miocene. Joint systems were 

also studied by Blakemore (1939) and were found to be related to the faults. A major joint set 

strikes N 65" E and controls drainage patterns of small tributaries in the area. 



The Austin Chalk is underlain by the Eagle Ford Formation and overlain by the Ozan 

Formation in the Dallas area. These two formations are composed of montmodonitic clay/shale 

and marl, respectively. Neither of these formations was studied as part of this project. However, 

the Eagle Ford Formation controls the stability of cuts where its contact with the overlying Austin 

Chalk is exposed (i.e., White Rock Escarpment). The Eagle Ford is highly susceptible to erosion 

and typically erodes out from under ledges of Austin Chalk creating cantilevered beds which then 

break due to lack of support. A geologic profile of Dallas County is shown in Figure 2.1. 

2 . 3  Fort Worth District 
One exposure in the Fort Worth District was located at the contact between the Wichell 

Limestone and the Wolf Mountain Shale. These two formations are Pennsylvanian in age and are 

the only non-Cretaceous formations studied as part of this project. Another site was located at an 

outcrop of the Comanche Peak Limestone. Brief descriptions of each formation follow. 

Winchell Limestone and Wolf Mountain Shale: The Winchell consists of interbedded 

limestone and shale. The limestone is fine-grained and thin to thick bedded. Shale is only present 

in the upper part of the formation, and is about 1 to 5 m thick. Total thickness of the Winchell near 

the site observed by Galvan (1994) is about 63 m. The Wolf Mountain Shale directly underlies the 

Winchell and consists of 30 to 90 m of gray shale with thin l i ,~ te  and sandstone interbeds (BEG, 

1972). 

Coinanche Peak Limestone: The Comanche Peak is a fine grained, clayey, nodular, 

burrowed limestone about 5 to 7 m thick (BEG, 1972). Burrows are tubular holes created by 

marine organisms during deposition of the material. Generally, the burrows are filled with 

calcareous material that is typically slightly different in color and texture than the surrounding rock. 

2 . 4  Austin and San Antonio Districts 

The Glen Rose and Edwards Formations are the predominant rock formations exposed in 

roadway cuts in the western portions of the Austin and San Antonio Districts. The Edwards is the 

younger of the two and thus overlies the Glen Rose, except in parts of the Austin District where the 

two are separated by the Walnut Formation. Descriptions of each of these formations are given in 

the following sections. A geologic profile of the Cretaceous rocks is shown in Fipre  2.2. 

2 .4 .1  Glen Rose Formation 

The Glen Rose Formation is the oldest and most extensive rock formation that outcrops in 

the two districts. It outcrops in major portions of Travis, Hays, Bumet, Blanco, and Giespie 



Counties in the Austin District and Ken, Kendall, Bexar, Medina, Bandera, and Comal Counties 

in the San Antonio District. Generally, the formation is subdivided into two distinguished 

members (Upper and Lower Glen Rose) separated by a Corbula (fossil) bed. However, in the 

Austin metropolitan area, the Glen Rose has been subdivided into five members (Rhodda, 1970). 

The oldest member, Member 1 consists of gray to tan, thin bedded, nodular limestone, marly 

limestone, and marl. A large portion of this member is also burrowed. The thickness of Member 

1 is about 75 to 90 m in the Austin area-to 150 m in the San Antonio District. Member 2 directly 

overlies the Corbula bed and consists of thin to thick bedded, gray to tan interbedded limestone and 

marl (Rhodda, 1970). The harder, thick limestone beds form resistive ledges which are visible 

along natural slopes. The thickness of Member 2 is approximately 36 m. Member 3 consists of 

about 21 m of thin to medium bedded interbedded gray-brown dolomite, dolomitic limestone, and 

gray and tan limestone, marly limestone, and marl. The dolomitic beds are more common in the 

lower 9 m. Member 4 is about 36 m thick and generally resembles Member 2. This member 

forms steep slopes and the harder limestone beds form resistive ledges. The upper-most member, 

Member 5, consists of about 30 to 35 m of thin bedded, gray-brown, porous dolomite and 

dolomitic limestone (Rhodda, 1970). Outside of the immediate Austin vicinity, Members 2 

through 5 are not mapped separately but are grouped together as the Upper Glen Rose. Member 1 

is thus referred to as the Lower Glen Rose. The total thickness of the Glen Rose in the region of 

study varies from 150 m in the northern part of the Austin District (Garner, 1976) to 270 m in the 

San Antonio District (BEG, 1983). 

The marly beds, and to some extent the more dolomitic beds, are less resistant to erosion than 

the harder limestone beds, and thus help create a stair-step topography in the Glen Rose. This is a 

distinctive feature that can be seen on many of the hillsides in west Austin and the Texas Hill 

Country to the west and southwest. The Glen Rose is exposed along numerous road cuts in 

Austin and in the counties west and southwest of Austin. High, near vertical exposures of the 

Glen Rose can also be seen along the Colorado and San Gabriel Rivers in the Austin District, and 

the Medina, Frio, Guadalupe, and Sabinal Rivers in the San Antonio District, as well as the 

numerous tributaries that dissect the region. 

2.4.2 Walnut Formation 

The Walnut lies stratigraphically between the Glen Rose and Edwards and consists of two 

members each about 10 m in thickness. The lower member, known as the Bull Creek Member is a 

medium grained, burrowed, resistant limestone. The upper Bee Cave Member is described as an 



extensively burrowed, nodular, fossiliferous, limestone, marly limestone, and marl (Rhodda, 

1970). i 

2.4.3 Edwards Formation 
L i e  the Glen Rose, the Edwards is also a Cretaceous-age limestone and dolomite 

formation. Stratigraphically, the Edwards directly overlies the Glen Rose except in the Austin area 

where the two are separated by the Walnut Formation. The Edwards outcrops extensively 'in 

western Williamson and southwestern Travis County (west of the Balcones Fault Zone) in &e 

Austin District. In the San Antonio District, the Edwards outcrops*west of IH-35 in Comal and 

northwest Bexar Counties, and also outcrops extensively in Kendall, Ken, Medina, and Bandera 

Counties. 

The Edwards in the Austin area has been subdivided into four members by Rhodda (1970), 

although these members not mapped separately. Member 1, the lowest member, consists of 

porous dolomite, dolomitic limestone, and hard crystalline limestone. Chert is abundant in 
Member 1, and the top of this member is marked by a 6-m thick solution collapse zone which is a 

result of groundwater circulation and dissolutioning of gypsum-anhydrite within the rock unit 

(Rhodda, 1970). This zone is typified by caves, solution collapse breccia, red clay, and large 

calcite crystals. The collapse zones typically are f aed  with rock fragments and soil (breccia). The 

collapse occurred during or shortly after deposition (Rhodda, 1970), and the collapse zones are 

often reconsolidated or cemented The total thickness of Member 1 is about 60 m, although the 

entire member is not exposed in Austin. Member 2 is about 13 m thick and is composed of fine to 

medium grained, hard, porcelaneous limestone. The lower beds are folded and fractured due to the 

collapse in Member 1 (Gamer, 1976). Member 3 is 3 to 4.5 m thick and consists of softer 

nodular, marly limestone interbedded with flaggy limestone. Finally, Member 4 resembles 

Member 2 in lithology and thickness, although it contains a thin solution collapse zone in the 

middle. 

In the San Antonio a.tea and along the Balcones Fault Zone, the Edwards is mapped as a 

single unit presumably because of complex structural geology as a result of faulting. The thickness 

of this undifferentiated Edwards is about 90 to 150 m. North and west of the fault zone, the 

Edwards is divided into two separate mappable units. The lower member is known as the Fort 

Terret Member which consists of three different lithologic zones. The basal third is described as 

nodularlimestone with a thin, yellow, fossiliferous clay bed at the base (BEG, 1983). This clay 

bed serves as a marker between the Fort Terret and the underlying Glen Rose. The middle third is 

cherty, fossiliferous limestone and dolomite, and the upper third of the member consists of 



porcelaneous, aphanitic limestone, collapse breccia, chert and recrystallized limestone. Total 

thickness of the Fort Terret is about 70 to 90 m. 

Overlying the Fort Terret is the Segovia Member which is a cherty, fossiliferous limestone 

at the top, followed by porous, massive to thin bedded dolomite with collapse breccia in the middle 

third, and marly limestone and marl at the base (BEG, 1983). The thickness of the Segovia is 90 

to 115 m. 

2.5 Structural Geoloev 

The basic geologic structure of the Austin-San Antonio area is a gently dipping homocline 

broken up by faulting in the area known as the Balcones Fault Zone, which consists of one major 

normal fault and numerous other smaller normal and drag faults. The broad regional dip of 

bedding is to the southeast at less than 3 degrees. On the small scale of individual slopes, dips can 

be approximated as horizontal. In the Austin area, however, the beds of the basal Cretaceous 

rocks (i.e., Glen Rose, Walnut, Edwards) dip gently to the northeast into the Round Rock syncline 

(Tucker, 1962). Within the Balcones Fault Zone, dips are less predictable and vary considerably. 

The Balcones Fault system is a belt of northeast trending dip-slip normal faults which strike 

at about N40% (Rhodda, 1970). Displacements vary from less than a meter to 180 m, but most 

mapped fault displacements are less than 15 m. Faults with displacements less than about 3 m are 

generally not mappable outside of road and stream cut exposures. Dips of the faults typically range 

from 55 to 75 degrees. Some minor localized folding and faulting is present in and above solution 

collapse zones in the Edwards. 

According to Rhodda (1970), two major pairs of joint sets are common in the Austin area. 

One joint pair strikes at N40°E and N45W and the other at NIOoW and N80°E. No information 

was found on jointing in the San Antonio District. 



Fig. 2.1. Geologic Profile of Dallas County (Men andFlanigan, 1986). 



Taylor (210 m) marl 

Austin (105 m) limestone 
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Glen Rose (1 14 to 270 m) limestone, dolomite and marl 

Fig. 2.2. Geologic Profile of Cretaceous Rocks in Austin and San Antonio Districts. 



CHAPTER 3. ROCK NAIL WALLS 

J 

3 . 1  Introduction 

Highways in central Texas are often constructed with vertical cuts or slope; excavated into 

the rock units described in Chapter 2. These cut slopes range in height from less than 3 m to 

greater than 30 m, and a variety of retention systems have been used to stabilize these excavations. 

Rock nail anchor retaining walls are one type of retention system that has been used recently. ~h.;s  

chapter provides background on the principles behind rock nailing and the materials used in the 

construction of rock nail walls. 

3.2 Rock Nail Retaining Structures 

Nailed walls (Fig 3.la) are constructed using a "top-down" construction procedure. In a 

"top-down" procedure the reinforcement is installed as the excavation progresses. This is in 

contrast to "bottom-up" procedures, in which the excavation is completed to full depth before a 

wall is built. "Bottom-up" procedures are used to construct, for example, conventional retaining 

walls and mechanically stabilized earth walls (Fig 3.lb). A drawback to "bottom-up" construction 

is that the full excavation is made before the wall is constructed. This requires the use of right-of- 

way behind the excavation which may not be available. It also requires the replacement of the 

natural material with select granular fill. In contrast, a rock-anchored wall generally refers to a 

conventional reinforced-concrete wall, where loads at the surface of the wall are transferred to a 

stable zone behind the retained mass through tie-backs (Fig. 3.1~). Alternatively, an anchored wall 

can be an element wall, a wall made up of several individual components, each anchored with a tie- 

back (Fig. 3.ld). A cantilevered retaining wall with vertical anchors acting through the footing and 

providing resistance to overturning can also be considered to be a type of rock-anchored wall. 

3.3 Princioles of Rock Nailing 

Rock nailing refers to a procedure of installing reinforcing elements into a rock mass 

exposed by an excavation in order to form an internally supported structure. Rock nailing by 

TxDOT is generally applied as an extension of soil nailing techniques to the support of rock 

excavations. In soil nailing construction, reinforcement elements are installed in a systematic 

pattern as the excavation progresses, with each row of elements being installed into natural material 

before the next increment of excavation (Fig. 3.2). The elements are placed in a drilled hole, 

typically angled about 10' to 15" below horizontal, and secured with grout. Pneumatically-applied 

concrete (shotcrete) is used to give additional face-support to the retained mass, bridging between 



the nails. In addition, for permanent nailed structures, reinforced concrete facing panels are added 

to the face of the nailed wall. 

Soil nail patterns and l en ,~s  are often chosen from experience, but some theoretical design 

procedures have been developed (Elias and Juran, 1991). Stocker and Riedinger (1990) report that 

German experiments have found that a spacing of less than 1.5 m is appropriate for soil. Mitchell 

and Villet (1987) report on designs used on various nailed walls in France. The spacings on these 

projects varied from 1.0 to 2.0 m vertically and 1.0 to 3.0 m horizontally. 

A rock mechanics approach to nailing is typically focused on the behavior of discontinuities 

within the rock mass. Douglas and Arthur (1983) described the action of rock reinforcement as (1) 

preventing the detachment of loose blocks, (2) increasing the shear resistance along discontinuities, 

and (3) increasing the interlocking of rock blocks. Therefore, in rock, untensioned reinforcement 

is perceived to perform more of a knitting function, where reinforcement reactions are concentrated 

at discontinuities present in the rock mass. 

3 . 4  Grouted Anchorage Materials 
Although many types of reinforcing elements have been developed in the mining and civil 

construction industries, the most common type of reinforcement used for rock.slope reinforcement 

is the fully grouted type. Other types of reinforcement are discussed by Whitt (1995). 

3.4 .1  Grout 
Grouted anchorages transfer tensile and shear loads through cement or resin grout placed in 

the annulus of the borehole around the element. The grout transfers the applied load to the rock 

primarily through mechanical interlock. However, chemical bond and friction are also involved in 
load transfer. 

The grout used for grouted anchorages is usually either Portland cement or resin. Cement 

grout is usually pumped or poured in a liquid state, although cartridges are also available so the 

materials can be mixed in place (Douglas and Arthur, 1983). Resin grouts are generally either 

polyester or epoxy. Polyester resin grouts are quicker setting and often less expensive, while 

epoxy resins are stronger and more versatile. Resin grout can be pumped in liquid form as with 

cement grout, but because of safety concerns and convenience it is usually placed in cartridges. 

Resin ingredients, especially in cartridge form, have a limited shelf life, because some of the 

ingredients break down over time. 

Cartridges for resin and cement grouts allow the material to be placed in the borehole in a 

dry form because the cartridges keep the active ingredients separated. Grout cartridges are placed 



in a borehole before installation of the reinforcing element. When the element is installed, it is 

rotated, shredding the plastic or glass cartridge casing and mixing the grout ingredients. 

Grouted anchorages are the most appropriate anchorage type for rock slope reinforcement 

applications and the most commonly used. Therefore, grouted anchorages will be'the anchor type 

most extensively discussed in this report. 

i 
3.4.2 Reinforcing Element Materials 

The materials used for reinforcing elements are wires, cables, and bars. Wires and cables 

(also called strands - a member made up of bundled wires) are made from steel and are generally 

used in rock reinforcement only where very high capacity anchors are required. Bars are usually 

made from mild steel or high-carbon steel, although stainless steel and other alloys (like chrome- 

nickel steel for salt water and acid resistance) have been used. The bars can be smooth, deformed 

(rebar), or threaded. Deformed bars are the same as those used to reinforce concrete. Threaded 

bars have a thread pattern cold-rolled on the surface either over the full len,@ of the bar 

(continuously threaded) or at one or both ends. Continuously threaded bars ate useful on projects 

where different len,& bars are used because they can be cut to any length, while bars threaded 

only on the end must be specially ordered. Properties of continuously-threaded bars supplied by 

two sources, Dywidag-Systems International and Williams Form Engineering Corp., are presented 

in Table 3.1. 

Bars are normally solid but, for easier grouting, hollow bars have been developed which 

permit grout to be injected through the hollow center of the bar. Williams Form Engineering Corp. 

(1992) advertises a 30 mm external diameter hollow core continuously-threaded bar with 

an 8.3 mm inside diameter core hole. The manufacturer states that this has an advantage over the 

use of grout tubes and solid bars, because grout tubes may not always reach the bottom of the 

borehole or they can be damaged during installation, both of which would prevent full grouting. 

Fiberglass bars have been developed as an alternative to steel. Fiberglass bars have a 

similar capacity to steel bars of equivalent size, but are much more flexible (Douglas and Arthur, 

1983). Dywidag-Systems International manufactures fiberglass bars (called Dywidur bars) with 

nominal diameters of 22 and 25 mm, a tensile strength of 950 MPa and a Young's modulus of 

50,000 MPa (Dywidag, 1993b). 

Some advantages of fiberglass reinforcing bars include: 

1. The low stiffness allows them to be installed where space is confined; 

2. Fiberglass bars are lightweight and therefore easier to transport and handle than 

steel bars: 



3. Unlike steel, fiberglass is resistant to corrosion and does not conduct electricity; 

4. Fiberglass bars are useful in corrosive environments; 

5. Fiberglass bars do not disrupt electro-magnetic fields near sensitive electro- 

magnetic equipment; and 

6. Fiberglass bars can be more easily cut through than steel bars where re-excavation 

may be necessary; 

Disadvantages of fiberglass bars include: 

1. Fiberglass bars typically cost more than steel bars; and 

2. Fiberglass bars allow more deformation than similarly dimensioned steel bars 

because the Young's modulus of fiberglass is about one-fourth that for steel. 

3 .4 .3  Element Heads 
The element head is the part of the reinforcing element where loads are transferred from the 

element to the rock at the face of the excavation, as well as to any surface support system that may 

be used, such as shotcrete and wire mesh. This transfer of load allows the surface rock and 

support system to be integrated with the rock mass, so that smaller loose blocks cannot fall out and 

surface deformations are controlled. 

Where the reinforcing elements used are bars, the most common design at the element head 

is a nut, washers and a face plate. A nut is screwed onto the threaded end of the element and bears 

on a face plate, which distributes the load to the rock surface. Washers are used between the nut 

and plate to provide more efficient load transfer. Douglas and Arthur (1983) recommend using 

two beveled washers, or a hemispherical washer in a shaped setting on the plate, to insure uniform 

load transfer. The washer immediately under the nut should be made of hardened steel to prevent 

damage to the washer during tensioning. 

There are several types of face plates that have been used. Flat plates are often used and 

can be square, circular or triangular in shape. Table 3.2 includes typical plate sizes (diameter or 

length of a side) and thickness for different working element loads. In order to prevent 

deformations of the plate under high element loads, either the thickness of the plate can be 

increased or two plates can be used. 

The disadvantage of a flat plate is that it bears on the rock at only a few points near the 

center of the plate. If element loads are high, the rock can be crushed at these points. As an 

alternative where loads or deformations are expected to be high, a deformed plate can be used. 

Figure 3.4 illustrates two commonly used deformed plates, the domed and triangular bell-shaped 

plates. Deformed plates contact the rock surface closer to the edges of the plate, reducing point 



loads on the rock. Also, the plate deforms when load is applied giving a positive visual 

verification of tensioning. i 

I 

3 .4 .4  Corrosion Protection 

Corrosion protection is an important part of choosing the proper reinforcing element 

materials. The most important parameters of the reinforced material (rock or soil) influencing 

corrosion are the content of dissolved salts, pH, porosity, and degree of saturation. Environments 
conditions that cause the highest corrosion rates are a high content of total dissolved salts, high 

chloride concentration (> 200 ppm), high sulfate content (> 1000 ppm), and acidic or alkaline pH 

conditions (Mitchell and Villet, 1987). 

For grouted reinforcing elements, the grout itself (primary and secondary) provides a 

measure of protection. However, since the grout often cracks, possibly allowing water to reach 

the member and cause corrosion, additional protection is needed. Common protection methods 

include epoxy coatings (limited to deformed bars for adequate bonding) and galvanized or plated 

bars (Douglas and Arthur, 1983). A minimum grout thickness of 37 mm and deformed reinforcing 

bars with electrostatically applied epoxy to a minimum thickness of 3.5 mm are recommended by 

Elias and Juan (1990). 



Table 3.1. Properties of Continuously Threaded Bars 
(after Dywidag, 1993a and b; Williams, 1992). 

Table 3.2. Typical Faceplate Dimensions 
(after Douglas and Arthur, 1983). 



a. Nailed Wall b. Mechanically Stabilized Earth Wall 

c. Anchored Conventional Retaining Wall d. Anchored Element Wall 

Figure 3.1. Contrasting Retaining Systems (after Stocker and Riedinger, 1990). 
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Figure 3.2. Soil-Nailing Construction Process (from Mitchell and Vilet, 1987). 



a. Dilating Discontinuity 

b. Shearing Discontinuity 

Fig. 3.3. Reinforcement Behavior at a Discontinuity 
(from Douglas and Arthur, 1983). 



Fig. 3.4. Common Deformed Shapes of Bearing Plates (from Stillborg, 1986). 



CHAPTER 4. FIELD AND LABORATORY TESTING PROGRAM 

4 . 1  Introduction 
This chapter describes the field and laboratory testing program that was implemented to 

evaluate the properties and performance of existing road-cut exposures in Texas. AU TxDOT 

districts with rock slopes were sent a questionnaire developed by the project team (Galvan, 1995) 

to identify areas and sites where rock cut slope stability was an important issue. Based on the 

responses, 53 sites were selected for investigation. Table 4.1 summarizes the sites by district and 

geologic formation. 

A field reconnaissance study was conducted at each of the 53 sites. Based on these results, 

three case-study sites with rock-nail supported slopes were selected for further investigation. 

These sites were respectively located in the three major geologc formations studied, the Austin 

Group, Edwards Formation and Glen Rose Formation. Two rock-core borings were drilled at 

each of the case-study sites. Finally, laboratory tests were conducted on grab samples obtained 

from various sites and on core samples obtained from the case-study sites. Details for the field and 

laboratory testing program are presented in this chapter, and the results are summarized in 

Appendices A (field reconnaissance), B (maintenance information), C (boring logs) and D 
(laboratory test results). The results will be analyzed in Chapters 5 through 7. 

4.2  Field Reconnaissance 

4 .2 .1  Introduction 
Field reconnaissance studies of paaicular road-cut exposures were made in the Dallas, Fort 

Worth, Austin, San Antonio, and El Paso Districts of TxDOT. Each of these districts responded to 

a questionnaire developed by the project team (Galvan, 1995) to identlfy areas where rock cut 

slope stabiiv was an important issue to TxDOT. During the period from March 1994 to July 

1995, a total of 53 detailed field reconnaissance studies were made on cut slopes in these districts. 

4.2.2 Data Collection Forms 
Four forms were developed for data collection at each field exposure. The first form (Fig. 

4.1) contains basic information about the site. The second form summarizes the en-heering 

geologic parameters (Fig. 4.2). The third form (Fig 4.3) allows the investigator to quantlfy the 

effect of discontinuities by conducting horizontal scanlines over a known distance and describing 

in detail each discontinuity encountered. The strike and dip relative to the cut face is recorded 



along with the joint condition and persistence. A space is provided at the bottom of this page for 

the "apparent spacing" between joints of a given joint set and also the "true spacing'' which is the 

number used in the empirical classification schemes. The apparent spacing is the distance between 

joint traces along the scanline, whereas the true spacing is the perpendicular distance between joints 

and is calculated by multiplying the apparent spacing by the sine of the angle between the strikes of 

the cut face and the joint. The final form (Fig. 4.4) is for vertical scanlines, RQD determination, 

and fracture frequency. A quick reference sketch is also provided to help the investigator 

determine the approximate slope height or height to any point on the slope if direct measurement is 

not feasible. 

4.2 .3  Site Descriptions 
Sites in the Austin, Dallas, Fort Worth, and San Antonio districts were studied in detail 

using the developed data collection forms. Table 4.1 summarizes the 53 sites by district, geologic 

formation, and primary investigator. Locations and general information about the sites are 

presented in Tables 4.2 through 4.4, and the complete data collection forms for each site are 

included in Appendix A. 

4 .2 .4  Maintenance Information 
Maintenance information, which provides an indication of historical performance of the cut 

slopes, was also collected. The TxDOT maintenance foreman of each section where cuts were 

studied was contacted to gather pertinent maintenance information. Standard information was 

requested for each site incIuding the following: 

Age of cut; 

Method of excavation; 

Frequency and type of repair or cleanup; 

Type and size range of debris; 

Frequency of and amount of debris entering roadway; and 

Any pertinent additional comments. 

It was possible to obtain the above information for all but one site, the Lake Georgetown Spillway 

in Williamson County, which is under jurisdiction of the Army Corps of Engineers. The results of 

the maintenance surveys are presented in Appendix B. 



4 . 3  Subsurface Exploration 

4.3.1 Background 

Geotechnical core borings were drilled at three of the sites selected during the field 

reconnaissance phase of the project. The objective was to supplement field observations with data 

from core such as RQD, uniaxial compressive strength, bed thickness and discontinuity 

information, and to retrieve samples for laboratory testing. Drilling operations were conducted in 

accordance with standard practice in Texas. Hence, the core quality was comparable to that 

expected if TxDOT conducted the work or contracted out to local private f m s .  Currently, the 

Austin District contracts their core drilling work to local consultants, while the San Antonio Disbict 

possesses its own drilling equipment and crews. In accordance with accepted practices, drilling 

was performed with a double-tube core barrel equipped with an NX-size (50 mm) diamond insert 

cutting bit for the Glen Rose and Edwards Formations, or a tungsten-carbide bit for Austin Chalk. 

The same crew, equipment, and rig was used for all coring to attempt to minimize the variability in 

core quality that can occur with different crews and equipment. The care of the driller is 

particularly important for softer rocks like the ones studied for this project. 

4.3.2 Case-Study Sites with Rock-Nailed Slopes 

Three sites located in the three main geologic formations studied (Austin, Glen Rose, and 

Edwards) were selected for core drilling (Tables 4.2, 4.3 and 4.4). Two borings were drilled at 

each site to a depth of approximately 12 m. AU three sites have near vertical cuts. At each site, a 

portion of the rock slope is supported by rock nails (e.g., at a bridge abutment) while the 

remainder is not supported. An attempt was made to locate the borings as close to the edge of the 

slope crest as possible. The field boring logs are included in Appendix C. A summary of pertinent 

site features is presented in Table 4.5, and plan and cross-section views of the sites are shown on 

Figs. 4.5 to 4.7. 

Site I: The first case-study site is a 10.5-m high cut in the Glen Rose Formation along 

RM 620 near Mansfield Dam (Lake Travis), west of Austin (Fig. 4.5). The cut on the west side of 

the road is unsupported, while that on the east side is supported with rock nails. One boring was 

drilled above the unsupported cut and one above the rock-nail wall. Below the top 2 to 3 m of 

weathered rock, core recovery was 100% and RQD's ranged from 65 to 100 with an average of 

84. 



Site 2: The second case-study site is a 6-m high cut along the westbound frontage road of 

IH-30 at Hampton Road in Dallas (Fig. 4.6). The Austin Chalk outcrops at this site, however the 

Eagle Ford Formation (shale) was encountered in the borings below the depth of the cut. The cut 

is supported with rock nails beneath a bridge abutment and unsupported elsewhere. Core recovery 

varied from 79 to 100% and RQD's ranged from 8 to 100. Boring No. 1 was started with a 

carbide bit and RQD's of consecutive core m s  were 0, 85, 10, and 8. At a depth of 6 m, the bit 

was changed to a diamond bit and RQD's then ranged from 56 to 100. The average RQD for ~e 

two borings, neglecting the portion drilled with the carbide bit, was 87.5. 

Site 3 The third case-study site is a 5.5 to 8-m high cut located along Loop 1604 at the 

Bitters Road underpass in San Antonio (Fig. 4.7). Vertical cuts were made along Loop 1604 to 

depress the road below Bitters Road. Rock nailed walls were installed under both bridge 

abutments. Outside of the bridge area, the cuts are left unprotected. One boring was drilled on 

either side of Loop 1604 above the cut, west of the bridge. This site is located in an extensively 

solutioned portion of the Edwards Formation. Drilling at this site was complicated due to the very 

blocky nature of the rock. Core recovery ranged from 20 to 100% and RQD's ranged from 0 to 42 

with an average of less than 15. 

4 . 4  Laboratorv Testinz 

Laboratory tests were performed on samples from the road-cut sites. The objectives of the 

testing program were (1) to quantlfy and compare rock properties from different formations, sites, 

and layers at a site and (2) to correlate laboratory-measured properties with observed performance. 

Two types of samples were collected: grab samples taken from the face of the slope and core 

samples from the case study sites. The following tests were performed: water content (ASTM 

D2216-90), calcium carbonate content (ASTM D4373-84), slake durabiity (ASTM D 4644-87), 

splitting tensile (Brazilian) stren-d (ASTM D 3967-92), unconfined (uniaxial) compressive 

stren,& (ASTM D 2938-86), moduli of elasticity in uniaxial compression (ASTM D 3148-93), 

ultrasonic determination of elastic constants (ASTM D 2845-go), and Moh's hardness (Institution 

of Civil Engineers, 1976). The laboratory test results are presented in Appendix D. 



TxDot District Geologic Formation Field Investigator 
and Number of Sites 

Austin Glen Rose: 12 sites Young, Galvan 
Edwards: 2 sires 

Dallas Austin Chalk: 5 sites Galvan 
Ft. Worth WinchellIWolf: 1 site Galvan 

Comanche Peak: 1 site 
San Antonio Glen Rose: 19 sites Young 

Edwards: 21 sites 

Table 4.2. Austin District Sites 

Notes: * indicates case study site, indicates benched cut, Kgr = Glen Rose Fm., Ked = Edwards Fm., Kwa 
= Walnut Fm., H = maximum height, L = total length of slope 



Table 4.3. Dallas and Fort Worth District Sites 

= Walnut Fm.. H = maximum height, L = total length of slope 



Table 4.4. San Antonio District Sites 

Notes: * indicates case study site, indicates benched cut, K g  = Glen Rose Fm., Ked = Edwards Fm., Kwa 
=Walnut Fm., H = maximum height, L = total length of slope 
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Table Summary of Case-Study Sites with Rock-Nailed Slopes 
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TxDOT Rock Mass Field Description Code: D a t e :  - 
Formation: Page -of- 

Location: 

n Plan Sketch 

I General Exposure Description 

Dimensions and Orientation: 
Total Height (ft): 

Lateral Extent (ft): 

Benches: Height Width 
L1 
L2 

l.3 

Face Orientation: 
Strikeldip: 
Catchment Description: 

Artificial Support: 

p e t h o d  of Excavation (incl. effects): I 
Age of Exposure: Vegetation Effects: 

Elev. (ft) 

Elevation (ft) looking - 
Fig. 4.1. Field Form for General Exposure Description. 



TxDOT Rock Mass Field Description Dntq: - 
Po&: -of - 

Code:: - 
Summary of Engineering Geologic Data I 

Other Structural 
Feature Istrike l ~ i ~  l~ondi t ion  l~ersistence I Remarks 

I I I I I 

Occasional Random 
Joints? 

Bedding Description: P 
Weatherin~IErosion: 

Form of Slope FailurelDegadation: 

Debris: 

Maintenance Record: 

IAvailable Geotechnical 

I I 
Fig. 4.2. Field Form for Summary of Engineering Geologic Data. 



xDOT Rock Mass Field Descrintion Dote: - 
Code: - 

I Scanline Descriptions 

orizontal Scanline Number: - 
Horizontal Location (locate on sketch): 
Height above base of cut (ft): 
f wlin one layer, layer thickness: 
enmh of scanline ... 

Strike of scanline I 
O+OO 0+50 1+00 

Scanline Sketch (include seepage locations) 

Debris Description 

I 
Fig. 4.3 Field Fonn for Scanline Descriptions. 

Set Appnrenr spacing 
(#/scan length) 

True Spacing 
(#ISCM length) 



I Scanline Sketch 

i 

Est. ROD: - 
Fracture: Freauencv: - 

 DOT Rnrk M l c c  Rieltl necrrintinn Date: - 
Cede: - 
Page: -of- 

S c a n l i n e  D e s c r i p t i o n s  t 

Vertical Scanline Number: 
Scanline Location (show on sketch): 
Height of Scanline (ft): 
Lenzth of Scanline(ftl: 

TolrlSbps Height = m sin. .rin p +HI 

,ln(ll-P) 
Photo 

Samples: 

Iscanl ine In format ion :  I 

I 
Fig. 4.4 Field Form for Vertical Scanlines and RQD Estimate. 



Fig. 4.5 Plan and Cross-Section View of Case-Study Site 1 (RM 620 at Mansfield Dam) 
I 



Fig. 4.6 Plan and Cross-Section View of Case-Study Site 2 (IH 30 at Hampton Road) 



Fig. 4.7 Plan and Cross-Section View of Case-Study Site 3 (Loop 1604 at Bitters Road) 



CHAPTER 5. PERFORMANCE OBSERVATIONS 

5 . 1  Introduction 
I 

Performance of the study sites was based on visual observations by the authors as well as 

the maintenance history of the slopes as reported by TxDOT maintenance personnel. This chapter 

presents the results of the field observations and available maintenance information for each site, 

along with a discussion of rocHall potential and catchment adequacy. Several quantitative rating 

schemes are developed and applied to characterize slope performance: a stability rating, a 

maintenance rating, and a catchment adequacy rating. 

5.2 Modes of Failure in Rock Slones 

A brief discussion of the modes of failure in rock slopes is necessary before describing the 

field observations which included the predominant observed failure or potential failure modes. The 

term "failure" is used in a broad sense to include all fonns of degradation. 

Planar: This mode of failure occurs in soft and hard rock when a through-going 

discontinuity or weak plane strikes at an acute angle to the slope face and daylights into the face. 

Failure occurs when the angle of inclination (dip) exceeds the shear stren,$b along the plane. An 
example of planar failure is shown in Fig. 5.1. 

Circular Circular failures occur in soft or highly weathered rock along a circular surface. 

This mode of failure is identical to slope failures in cohesive soil. 

Wedge: Wedge failures occur when two discontinuities, dipping toward the slope face, 

intersect. The scale of the failure is determined by the discontinuity spacing. An example of a 

wedge type failure is given in Fig. 5.2. 

Block: Block failure occurs where relatively flat lying, low stren,$b discontinuities are 

present. Excavation relieves lateral stress, and where layers of different stiffness are in contact, 

differential strains occur at the contact and the shear stren,$b along this surface is reduced. Lateral 

movements that occur as a result of stress relief tend to open joints or create steep tension cracks 

behind the slope face (Brawner, 1994). The resulting opening is now susceptible to increased 

pressure from build-up of precipitation which can create forces large enough to move the block. 

Toppling: Toppling failure is not very common in flat lying sedimentary rocks, like 

those studied for this project. It occurs when there are closely spaced, steep discontinuities 

oriented in the same direction as the slope face. Therefore, this type of failure is most common in 

steeply dipping sedimentary and metamorphic rocks such as slates, shales, and siltstones. 



Toppling is possible in flat lying rock if there are other closely spaced, steeply dipping 

discontinuites that are oriented in the same direction as the slope face. 

Raveling: ~avel ing can be thought of as similar to spalling of concrete where fragments 

fall from the face. Raveling can be caused by hydrostatic pressure in joints and cracks, ice- 

wedging, differential weathering or erosion along faults or shear zones, weakening of the rock due 

to climatic variations, and root wedging (Brawner, 1994). The presence of closely spaced, bed- 

confined joints increases the likelihood of raveling, although their mere presence does not cause the 

failure. Raveling was the most common type of failure observed during this project and at least 

some degree of raveling was present on almost every Slope observed. An example of raveling is 

shown on Fig. 5.3. 

Differential Erosion: A specific type of raveling occurs due to differential erosion, in 

which softer, more erodible layers weather to leave cantilevers of more resistant layers. The loss 

of support causes the overlying resistive layer to fail in tension after the tensile capacity of the rock 

is exceeded. An example of this type of failure is shown in Fig. 5.4. 

5.3 Field Observations 
One of the primary objectives of the field reconnaissance was to evaluate, as least 

qualitatively, the perfornlance of the slope, by noting information such as: type of slope failure or 

degradation, type and size of debris, catchment description, and presence and effect of vegetation. 

The field data sheets are contained in Appendix A. The type of failure and relative scale 

(local/global) for each of the sites are given in Tables 5.1 through 5.3. The distinction between 

"local" and "global" in the context of this report is that local failure is considered anythmg less than 

the full slope or bench height (in the case of benched cuts), and global denotes a failure that 

extends the full height of the slope or bench. 

5 . 4  Visual Stabilitv Rating 
During the field observations, a subjective visual assessment of stab'ity was quantified 

using a the Visual Stability Rating (VSR). This rating was evaluated by estimating the percentage 

of the original, excavated slope face remaining at the time of the field reconnaissance. The 

categorization scheme for VSR is presented in Table 5.4. The maximum VSR value of 4 

corresponds to the best performance, while the minimum value of 0 corresponds to the poorest 

performance. Identification of the original face was straightforward in most instances because the 

majority of cuts were excavated by pre-splitting. This procedure leaves half-casts as evidence of 

the shot holes used for explosives along the excavated face. In the small number of cases where 



the cut was not presplit or where there was no evidence of pre-splitting, a subjective estimate of the 

original slope face was made. Sites in the Edwards and Glen Rose Formation? were assigned 

VSR values (Tables 5.1 and 5.3); insufficient information precluded the use of this measure for 

sites in the Austin Chalk. 

5 . 5  Maintenance Information 
The TxDOT maintenance foreman for each maintenance section in which cuts were studied 

was contacted to gather historical performance information and maintenance requirements of each 

site. This information allows a comparison between sites with different conditions and possibly 

some general characterizations that will help predict the performance of future cut slopes. The 

results of the maintenance surveys are given in Appendix B. One performance measure used to 

compare diierent slopes was based on maintenance frequency. The classification scheme given in 

Table 5.5 was used to summarize the maintenance data based on frequency. The maximum MR 

value of 3 corresponds to the best performance (i.e., minimal maintenance required), while the 

minimum value of 0 corresponds to the poorest performance. This rating scheme was developed 

to characterize performance of slopes experiencing 'local" failures or degradation (e.g., raveling, 

differential erosion, and some wedge failures), and is based on the maintenance frequency. It is 

not applicable to overall, global type failures. The Maintenance Ratings are summarized in Tables 

5.1 through 5.3. 

5 . 6  Characteristics of Each Formation 
Only the Edwards, Glen Rose, and Austin Chalk were observed at a sufficient number of 

sites to characterize the performance of the formation. Therefore, only those three are discussed 

here. 

5 . 6 . 1  Glen Rose Formation 
Based on the sites observed, the Glen Rose is massive, with widely spaced joints and the 

performance is generally not conQolled by kinematic hehavior along joints. A total of 28 sites in 

the Glen Rose were studied. Raveling, to varying degrees, was present on every slope observed. 

Differential erosion resulting in cantilevered block fallout was observed on 15 of the 28 slopes 

(54%) and depended on whether softer, marly beds were present in the slope stratigraphy. Wedge 

failure along intersecting discontinuities was only observed at 3 of the 28 sites (1 1%) and planar 

failure only observed at 2 sites (7%). The planar failures occurred along faults that happened to 

shate at about 20 degrees from the slope face at two sites in an area of Comal County where faults 



are mapped (BEG, 1983). Toppling failure was observed at one site (1376-2) in Kendall County. 

This was the only site observed in the Glen Rose with closely spaced, near vertical joints, and at 

this site the joint strike was within 15 degrees of the strike of the slope face. 

5 .6 .2  Austin Chalk 

Five sites were observed in detail in the Austin Chalk Formation. All 5 sites exhibited 

raveling to some degree and 3 of the 5 (60%) exhibited block fall raveling due to differential 

erosion. Based on the very limited number of sites, a reasonable conclusion would be that the 

Austin Chalk, like the Glen Rose, exhibits local type raveling failure and is not controlled by 

persistent discontinuities which may produce wedge, planar, or block failure. Allen and Flanigan 

(1986) noted that small gravity or normal faults are common in the Austin Chalk. Certainly if such 

discontinuities were present at the site of a cut slope they could quite possibly trigger large scale 

planar or wedge failures depending primarily on their orientations and dip angle. More sites would 

need to be observed to enable characterization of cut slopes in the Austin Chalk. 

5.6.3 Edwards Formation 
Like the Glen Rose, the Edwards is generally massive with infrequent, widely spaced 

discontinuities. A total of 23 sites in the Edwards Formation were studied and all but one site 

exhibited at least minor raveling. Differential erosion was only observed at six of the 23 sites 

(26%). At four of these sites, the differential erosion occurred at the contact between the Ft. Tenet 

member of the Edwards Formation and the Glen Rose Formation. The Glen Rose is softer than 

the Edwards and is more susceptible to erosion. When the softer Glen Rose erodes back from the 

slope face, a cantilevered situation occurs and blocks of the massive Ft. Tenet fail in tension. 

Minor, local wedge failures were only observed at one site. Large scale, global toppling was 

observed at one site (337-1) in Bandera County along FM 337. Persistent joints striking at an 

acute angle to the slope face and dipping slightly toward the face opened gradually over time, and 

scale blasting was conducted to remove the large blocks prior to seemingly imminent failure. Since 

the blasting operations, more joints have opened (as much as 0.3 m aperture) to the point where 

blasting is again being considered by TxDOT to remove the large blocks before they break free and 

impact the roadway. This particular site has no catchment. In summary, the performance of the 

Edwards is predominantly controlled by minor raveling except at the contact of the Glen Rose and 

in isolated cases where persistent joints are oriented in an unfavorable direction. 



5.7 Catchment Adeauacv 

The adequacy of a slope's catchment area is determined by whether or not debris falling 
I 

from the slope face reaches the roadway, and how often. Catchments for the sites observed 

consisted of many different configurations including flat, vegetated and unvegetated easements, 

gentle and steep natural ditches, concrete ditches and asphalt paving extending to the toe of the 

slope. For this project the catchment adequacy was rated from 0 (worst) to 3 (best) according to 

the frequency of debris reaching the roadway (Table 5.6). The catchment descriptions noted 

during the field observations along with the assigned catchment adequacy, based on maintenance 

information, are presented in Tables 5.7 and 5.8. It should be noted that the catchment adequacy is 

a function of not only the slope and catchment geometries but also on the performance of the slope 

itself. A completely stable slope with no form of local failure may have a 1-m wide ditch that is 

completely adequate for the particular slope. Conversely, if the same slope is susceptible to severe 

raveling, debris could quite possibly enter the roadway. 



Table 5.1. Performance Observations of Austin District Sites. 

S i t e  
Code 

360-1 
360-2 

360-3 

620-1 

Location 

Loop 360, N. of RM 2222 
Loop 360 at RM 2244 

620-2 
2244-1 

Loop 360, 1.6 !an N. of 
Wid Basin Road 
RM 620 at Mansfield Dam 

1 Road 

Geologic 
Formtn.' 

KEI 
Ked, Kwa, 

RM 620 So. of Lakeway 
RM 2244 at Crystal Creek 

1 Road 

K p  

Kgr 

KPI 

2244-2 1 RM 2244 at Addie Rov I KEI 15.4 1 165 1 R.DE I local 1 2 1 3  I I 
- 

SRR-1 

Au-1 

Table 5.2. Performance Observations of Dallas and Ft. Worth District Sites. 
S i t e  I Location Geologic I H I L I Type of 1 Scale  I MR2 I 

H 
(m) 

22Sb 
24.3b 

- 
K p  
Kgr 

1 

SWP-1 1 Southwest Parkway, east of I K g  1 7.5 1 330 1 R,DE 1 local 1 3 1 3  

Au-2 

Au-3 
Au-4 

1 and Cresson I 1 I I B-global 1 
FW-2 1 SH 16 west of SH 337 I Winchell. Wolf Mt. 1 20 1 500 1 R,DE I local 1 0  I 

Notes: ' R=ravelin,o, DE=differential erosion. C=circular. B=block failure 

6.6 

10.5 

US 71 
Steiner Ranch Road at 
Quinlan Park Road 
RM 2222 between Loop 360 
and Mopac 

- 
'Maintenance Rating (Table 5.4) 

L 
(m) 

300 
390 

gb 
6.6 

Notes:' K,vGlen Rose Formation, Ked=Edwads Formation, Kwa= Walnut Formation 
' R=raveling, DE=differential erosion, W=wedge 
'Visual Stability Rating (Table 5.4) 
'Maintenance Rating (Table 5.5) 

indicates benched cut 
NIA = Not Available 

RM 2222 at Loop 360 
drainage channel 
Lake Georgetown spillway 
US 87 north of Mason 

117 

279 

- 

K-3 

Kgr 

Type of 
Failure2 

R,W,DE 
R 

228 
111 

K g  

Ked 
Ked 

R 

R. oossible 

9 

>15 

Scale 

local 
local 

. . 
DE 
R 
R 

7.5 

14 
12 

local 

local 

168 

>I km 

VSR3 

1 
NIA 

local 
local 

45 

1.6km 
110 

MR4 

2 
0-1 

3.5 

4 

R,DE 

R,DE 

3 

New 

3 
3 

R,DE 

R 
R.DE 

Cut 
3 
3 

local 

local 

local 

local 
local 

2.5 

2 

0 

0 

1 

N/A 
N/A 

0-1 

N/A 
3 



Table 5.3. Performance Observations of San Antonio District Sites. 

Notes: ' K,g=Glen Rose Formation, Ked=Edwards Formation 
2R=raveling, W=wedge, DE=dierential erosion, T= toppling, P= planar, C=circular 
' Visual Stability Rating (Table 5.4) 
' Maintenance Rating (Table 5.5) 

indicates benched cut 



Table 5.4. Visual Stability Rating Scheme Based on Remaining Percentage of Excavated Face 

Table 5.5. Maintenance Rating Scheme Based on Maintenance Frequency. 
I Degree of Local I Maintenance I Maintenance i 

Visual 
Stability 
Rating 
(VSR) 

0 

1 

2 

3 

4 

I 
- 
Stability I Rating I Freouencv I 

Percentage of 
Original 

Excavated Face 
Remaining 

less than 25% 

25 to 50% 

50 to 75% 

75 to 90% 

greater than 90% 

I maintenance,widespread 
dezradation or localized I 

(MRT 
. " 

but infrequent maintenance I I times per yr- 
Con~oleteh' Srable; little if 1 3 I c 1 time ~ e r  2vr 1 

Unstable; frequent 10 I > 4 times uer vr I 
fzures 
Partially Stable; regular 
maintenance required 
Stable; some debris, regular 

I I 
~~ ~ - - - - -  r - -  ~ J -  I any iegradation, little I 

I maintenance I I I 

1 

2 

Table 5.6. Catchment Adequacy Rating Based on Frequency of Debris in Roadway. 

2 to 4 times per yr 

1 time per 2yr to 2 

Catchment 
Adequacy 

0 

1 

2 

3 

Frequency of Debris 
Reaching Roadway 
YI times per year 

1 to 4 times per year 

1 time in 10 years to 1 time per 

Year 

None to 1 time in 10 years 



Table 5.7. Catchment Information for Austin, Dallas and Ft. Worth Distriot Sites. 

Notes: 'Catchment Description: gentle =ditch slope flatter than 4H:lV, steep = ditch slope steeper than 
4H: 1V 
' Catchment Adequacy Rating (Table 5.6) 
R a t i o  of catchment width to slope height (or height of lowest bench) 

Indicates benched cut 
Catchment adequacy prior to corrective maintenance to catchment or slope (e.g., benching, guard 

rail, re-excavation) 



Table 5.8. Catchment Information for San Antonio District Sites. 
Horizontal Catchment I Catchment I WJH," I 

Notes: 'Catchment Description: gentle =ditch slope flatter than 4H:lV, steep = ditch slope steeper than 
4H:lV 
'Catchment Adequacy Rating (Table 5.6) 
' Ratio of catchment width to slope height (or height of lowest bench) 

Indicates benched cut 
Catchment adequacy prior to corrective maintenance to catchment or slope (e.g., benching, pa rd  

rail, re-excavation) 



Fig. 5.1. Example of Planar Failure in Glen Rose (Site 28 1-4) 

Fig. 5.2. Example of Wedge Failure in Glen Rose (Site 281-2) 



Fig. 5.3. Example of Raveling in Edwards (Site 1-10-1) 

Fig. 5.4. Example of Differential Erosion in Glen Rose (Au-2) 



6. PERFORMANCE ANALYSIS 

6 . 1  Introduction 
The performance the 53 rock-cut slopes described in Chapter 4 and quantified in Chapter 5 

is analyzed in this chapter. Comparisons are made between the observed performance and that 

predicted by conventional rock mass classification schemes. The weights applied to different 

parameters in the classification schemes are examined. Additional parameters that may affect 

performance but are not included in the conventional classification schemes are also identified 

Details of the graphical and statistical analyses that support this chapter are presented in Appendix 

E. 

6 . 2  Factors Affecting Performance 

The percentage of total sites within a given geologic formation exhibiting the various modes 

of failure or degradation is shown on Fig. 6.1. It should be noted that many of the slopes 

exhibited more than one failure mode. The predominant mode of failure for all three formations is 

raveling. The two formations containing interbedded softer marl layers (Austin, Glen Rose) 

contained a sigmficant amount of slopes exhibiting differential erosion which produces cantilevered 

situations where resistant layers overlying erodible material are undermined and break off due to 

li loss of support. Less than 15 percent of the sites in each formation exhibited the classic kinematic 

modes of failure such as planar, wedge, and toppling. 

The possible factors affecting performance were chosen with the predominant modes of 

failure as a basis. The potential geologic, geometric, and environmental factors are summarized in 

Table 6.2. The Rock Quality Designation (RQD) is defied as the percentage of the core run len-g.h 

that is in pieces 100 mrn or greater in len-&. The Degree of Dierential Erosion (DDE) is a 

measure of the erodibility of certain layers. It is defied by the distance back from the face that 

erodible layers have retreated. The degree of erosion was categorized and assigned a rating 

according to Table 6.2. The vast majority of slopes were excavated by pre-splitting. Half-cast 

impressions from the drill holes indicate the original excavated face, making estimation of erosion 

from the original face fairly simple. In the few cases where half-casts could not be observed, a 

subjective estimate of the original face was made. DDE is dependent on the relative bed thickness 

of the rock layers. Thicker layers (both erodible and resistant) generally exhibit greater differential 

erosion because very thin layers will break or ravel before a large "overhang" is developed. 

Insufficient data was obtained to fully address this issue of bed thickness. Future data collection in 

this area may be beneficial. 



6.2.1 Geologic Factors 

Several of the geologic factors are used in the empirical rock mass classification schemes 

utilized for characterization of the sites. Bieniawski (1973) developed the Rock Mass Rating 

(RMR) system which characterizes the rock mass based on six factors including: uniaxial 

compressive strength, RQD, joint spacing, joint condition, water, and orientation of 

discontinuities. Weighting factors are assigned for each category and then added to comprise the 

RMR. Romana (1993) revised the RMR to be more applicable to rock slopes by including factors 

forjoint dip and strike relative to the slope face, and damage due to method of excavation. This 

revised rating system is called the Slope Mass Rating (SMR) system. Galvan (1995) provides a 

comprehensive synopsis of these classification systems. The tables used for the classification 

procedures are presented in Appendix E. 

Average RQD values for the sites were estimated visually in the field or calculated from the 

results of borings for the case-study sites (Appendix C). The RQD values are listed in Tables 6.3 

through 6.5 for the Glen Rose and Edwards sites and were also used in the empirical rock mass 

classification schemes. Local data from a geotechnical consultant (TETCO, 1985-1995) was also 

gathered for RQD values in the Glen Rose and Edwards Formations in the Austin area. These 

data, which are shown in Appendix E, are comparable to the RQD values in the borings at the case- 

study sites and to the field-estimated values. Uniaxial compressive stren-gh (UCS) was used in the 

rock mass classification schemes and was estimated based on local UCS data (TETCO, 1985- 

1995). These data are also shown in Appendix E. 

Slake durability tests were conducted on core retrieved from one of the case history sites in 

the Glen Rose (site 620-1) and numerous grab samples taken from both exposed and fresh samples 

from other sites in the Glen Rose. As described earlier, the Glen Rose contains interbedded marly 

layers which are more susceptible to erosion than the harder limestone and dolomite layers. By 
conducting tests on both types of material, it was possible to determine the difference in slake 

durability between visually erodible and resistant layers. This difference is reported in Tables 6.3 

and 6.5 for the sites exhibiting the differential erosion failure mode. 

6.2.2 Geometric Factors 

Slope height, orientation, angle, and degree of differential erosion were evaluated in the 

field. The observations, except for slope angle, are shown in Tables 6.3 through 6.5. The slope 

angles generally ranged from vertical to 15 degrees from vertical. 



6 . 2 . 3  Environmental Factors 

Slope age was determined from construction plans or interviews wjth maintenance 

personnel from the respective maintenance sections. The presence of seepage w q  noted during the 

field reconnaissance. These two factors are noted in Tables 6.3 through 6.5. Climatic data was 

gathered from the National Weather Service, however, this information was not used because the 

weather among the areas studied was very similar in temperature and precipitation. Slope 

orientation is expressed as clockwise from north. The orientation is determined by turning a circle 

from 0 degrees (map north) clockwise until the open face of the slope is encountered (Fig. 6.2). 

For example if a slope strikes N45E and the slope faces the northwest, the orientation would be 45 

degrees. If a slope trending in the same direction faced open to the southeast, the orientation 

would be expressed as 225 degrees. See Figure 6.2. With this definition of orientation, slopes 

with orientations between 0 and 180 degrees face NW, E, and NE and slopes with orientations 

between 180 and 360 degrees face SE, W, and SW. The potential effects of orientation are related 

to sun exposure (e.g., hydro-thermal alteration processes) and wind exposure (e.g., erosion). 

6 . 3  Performance of Formations 

6.3.1 Glen Rose  

Relationships between slope performance (measured by the Maintenance and Visual 

Stability Ratings) and the different performance factors (Table 6.3) were investigated. In addition, 

relationships between MR and VSR were investigated. Results of these analyses are presented in 

Appendix E and summarized here. As shown in Fig. 6.3, no relationship between RQD and 

maintenance rating (MR) was observed. The difference in slake durability between non-erodible 

and erodible layers showed apronounced relationship with VSR (Fig. 6.4) and DDE. In general, 

slake durability differences of more than 20 to 30 percentage points indicate large degrees of 

differential erosion (DDE = 2) and poor performance according to VSR (VSR < 2). The presence 

of seepage tends to increase the degree of differential erosion (Fig. 6.5). Possible relationships 

between the rock mass factors (RMR, SMR) and the Maintenance and Visual Stability Ratings 

were also observed although they are not defintive and there is much scatter. The RMR and SMR 

include several different factors such as uniaxial compressive strength, RQD, joint 

spacinglcondition, water, etc. and would be expected to show a more conclusive relationship than 

any of the single variables alone; however, they do not. Finally, the presence of seepage had a 

sigmficant effect on the Maintenance and Visual Stability Ratings (Figs. 6.6 and 6.7). 



6.3.2 Edwards 

No relationships were found between the performance factors and the performance 

measures for the sites in the Edwards Formation. None of the factors or combinations of factors 

used to assess performance appear to control the actual performance in the field. Minor raveling 

was the predominant mode of degradation observed. In the field, the raveling appeared to come 

from layers that possessed closely spaced bed-confined joints that produced small blocks. The 

presence of these discontinuous joints is suspected to control the performance of the slopes 

exhibiting raveling. The rock mass classification schemes are not sensitive to the presence of bed- 

confined discontinuities. Graphs of al l  factors, including the RMR and SMR classifications, are 

contained in Appendix E. 

6.3 .3  Austin Chalk Si tes  

Since only five sites were observed in the Austin Chalk geologic formation, insufficient 

data were available for analysis. However, the Austin Chalk has a similar lithologic character to 

that of the Glen Rose (alternating hard and soft layers) and the sites observed exhibited raveling 

and four of the five exhibited differential erosion. Based on this limited information, the Austin 

Chalk sites are expected to behave similarly to rock cut slopes in the Glen Rose Formation. 

6.3 .4  Comparison Between Formations 

The performance factors and the performance measures (MR and VSR) for the Glen Rose 

and Edwards sites, as well as the sites where the Edwards was exposed on top of the Glen Rose 

Formation, were compared. With the exception of RQD, all performance factors were higher or 

more favorable for the Edwards Formation. The performance measures (MR and VSR) were also 

higher or more favorable in the Edwards versus the Glen Rose. Table 6.6 summarizes the average 

values of the pertinent factors and performance measures for the three groups of sites. 

6 .4  Catchment Analvsis 

The adequacy of the catchment areas was evaluated using a catchment adequacy rating 

factor based on the frequency of rockfall reaching the roadway (Table 5.6). The catchment 

adequacy as a function of catchment (or ditch) width, W,, in relation to the slope height, H, is 

shown on Fig. 6.8. The adequacy generally increases with increasing WJHI. However, there is a 

fair amount of scatter due to the variance in slope performance (e.g., certain slopes produce more 

rockfall than others, some do not produce any) and the variability in catchment shape. The solid 



points represent the average WCH, ratio at each adequacy category. The curve does not go through 

the point at an adequacy rating of 2 because there is only one data point. While $ere is scatter in 
the data, a reasonable conclusion would be that a catchment width of at least 0.5H, where H is the 

slope height, would be necessary to achieve the best catchment adequaky rating of 3 

(corresponding to 0 or 1 events of debris reaching the roadway in 10 years). 

Previous work in the area of rockfall prediction and control has been done to address the 

design of catchments. Ritchie (1963) conducted field tests by rolling hard, basaltic rocks down 

slopes of different geometries and produced design charts for catch ditches with varying widths 

and depths as afunction of slope height and angle. Of more relevance to the slopes in Texas, the 

Oregon Dept. of Transportation (ODOT) funded research on catchment geometry for slopes with 

angles of 0.25H:lV (Pierson, et. al., 1994). Rocks were rolled off the top of three different 

slopes (12 m, 18m, and 24m) all having an angle of 0.25H:lV. Catch ditch configurations varied 

from flat to 6H:lV and 4H:lV (sloping back toward the toe slope). Impact distance and roll-out 

distance were tabulated and design charts of ditch width vs. slope height were developed for 

1 implies that a 90 to 95 percent retention rate is probably most appropriate. For example, consider a 

an 18-m high slope with a ditch width of 7.2 m and a 6H:lV ditch slope, which corresponds to 11 WJH, = 0.4. The catchment would theoretically be sufficient to catch 90% of rockfall (Fig. 6.9). 
1 However, if 100% retention was desired, the ditch width would have to be increased to 14.7 m, 

I1 
I1 

requiring an additional excavation of 135 cubic meters per meter of slope length. The majority of 

I 

I the catchments observed for this project in Texas were either flat easements or gently sloping 

ditches (4H: 1V or flatter). 

1 A comparison of the design values from Fig. 6.9 with the actual catchment widths was 
I 

made to assess the applicability of this design method in Texas. The results are tabulated in Table 

various degrees of retention. Charts for retention rates varying from 30% to 100% are provided 

(Pierson et al., 1994); Fig. 6.9 is the design chart for retaining 90% of the rockfall. The 90% 

retention rate design chart is shown because Pierson concluded that a catchment designed to retain 

6.7. The minimum slope height in the design charts is 12 m and unfortunately, only 12 slopes met 

that criteria. The 4H:lV design curve was used for both "steep ditches" and "gentle ditches." This 

approach is conservative for steep ditches. With only one exception, slopes with catchment 

11 100 percent of the rockfall is uneconomical and recommended a 90% retention rate for design. He 

adequacy ratings less than 3 have catchment widths less than the recommended design values. 

Hence, this proposed design approach seems to be appropriate for Texas rock cuts. Note slopes 

with catchment adequacy ratings of 3 have ditch widths that are both greater and less than the 

/ii design width. This result illustrates the influence of slope performance on catchment adequacy. 
I 1 
I,, 
,,, , 
i 



Smaller ditch widths may be adequate for slopes that do not ravel or display differential erosion. 

While the initial results of the ODOT design procedures seem to compare well with observed 

conditions for slopes with rocMall potential, much more data is needed to access the applicability 

of the ODOT procedures. 

6 . 5  Performance of Nailed Slopes 

In the short times that the three case-study slopes with rock nails (Table 4.5) have been in 

place, they have performed well. There were no signs of distress or degradation in the nailed 

slopes at the time of the field reconnaissance. It is also of interest to compare the performance of 

the nailed slopes with unsupported slopes at the same site. At Case-Study site 1 (RM 620 west of 

Mansfield Dam), the unsupported slope has exhibited minor raveling and differential erosion, 

although its Visual Stability Rating is 3 (the maximum rating is 4). The unsupported slopes near 

the nailed bridge abutment at Case-Study site 2 (IH 30 at Hampton Road) have also localized 

degradation with raveling, differential erosion and circular failures in weathered rock. There is 

also evidence of erosion around the bridge abutment. At Case-Study site 3 (Loop 1604 at Bitters 

Road), unsupported slopes have exhibited raveling with a Visual Stability Rating of 3.5 (out of 4) 

and a Maintenance Rating of 2 (out of 3). In all cases, the successful performance of the nailed 

slopes versus the unsupported slopes at the same location could be attributed primarily to the facing I 

panels that limit weathering and erosion. 

6 . 6  Conclusions 
In the Glen Rose Formation, relationships appear to exist between performance and 1) the 

presence of seepage, 2) the presence of erodible marl layers adjacent to harder resistant layers in 

the slope stratigraphy, 3) RQD, and 4) the RMR and SMR rock mass classification ratings. 

However, the relationships with the latter two factors are not very strong. There appeared to be no 

relationship between age and performance of the slopes as a whole. This does not mean that a 

particular slope does not degrade over time because most slopes do. However, when the Visual 

Stability or Maintenance Ratings are plotted versus the age of the slopes (Appendix E), there does 

not appear to be a relationship. This result implies that there is significant variability in the 

stratigraphy andlor other geologic factors such as RQD, joint spacing, joint conditions, water 

presence, etc. between sites. The predominant failure modes are raveling and ravelinghlock fall 

due to differential erosion. A very limited number of sites exhibited classical kinematic type rock 

slope failures such as toppling, planar, wedge modes. These failures or potential failures can be 
I 

attributed to faults and associated joint sets in the cases of planar and wedge failures, and these 



sites are located in areas of the districts where faults are mapped. The one site exhibiting the 

toppling mode of failure contains very closely spaced (less than lrn) vertical joints oriented nearly 

parallel to the slope face. The site exhibiting a classical soil-like circular slump failure was located 

in the San Antonio District (site 1-10-3). This particular slope contains several benches and the 

layers within a mid-slope bench contained softer material that had weathered to a soil-like 

consistency and was not stable at the original excavated slope (about 20 degrees from vertical). 

The performance of the Edwards Formation sites was not predicted by any of the data 

collected. Like the Glen Rose, the most predominant failure mode is raveling, although the 

Edwards sites have performed better than the Glen Rose as a whole. One site exhibited wedge 

failure, and one site had toppling failure. Most of the factors used to evaluate the performance 

were more favorable for the Edwards sites. The performance characteristics of the Edwards 

Formation, based on the number of sites observed, are minor raveling, with possible localized 

differential erosion of solution collapse features (although many of these are well cemented and 

very stable), and occasional local or global wedge or toppling failures depending on the orientation 

of joints/faults relative to the slope face. The toppling on site 337-1 in Bandera County extended 

the full height of the slope. Massive planar type failures were not observed. However, failures of 

this nature are certainly possible in areas where faults are present, depending on the orientation and 

dip of the discontinuity relative to the slope face. 

Insufficient data were collected on the Austin Chalk and characterization of the formation is 

not possible with the limited information. However, of the five sites observed, all exhibited 

raveling and four of the five exhibited differential erosion. Further study of the Austin Chalk is 

necessary in order to characterize the performance of the formation. 



I samples 
Geonlerric ( Slope orientation I field reconnaissance 

Table 6.1. Summary of Potential Factors Affecting Performance. 

Slope Angle I field reconnaissance 
Slope Height I fieldreconnaissance 

I Degree of Differential I field reconnaissance I 

Source of Information 
field reconnaissance, maps 
core drilling, consultant's 
literature 
field reconnaissance 
lab tests on core, 
consultant's literature 
lab tests on core and grab 

Type of Factor 
Geologic 

Factor  
Geolo~ic formation 
Average RQD 

Joint spacing and condition 
Rock strength 

Slake durability 

Table 6.2. Degree of Differential Erosion. 

Environmental 

Degree of Magnitude of 

Eros ion  Slope Face 
(DDE) 

less than 0.3 m 
0.3 to 0.6 m 

- 

Erosion 
Slope Age 

Rainfall, temp. variations, 
and fkeze occurrences 
Seepage 

interviews, construction 
documents 
National Weather Service 

field reconnaissance 



Notes: Difference in Slake Durability between Erodible and Non-Erodible Layen 
'Slope Orientation (Fig. 6.2) 
'De%ee of Differential Erosion (Table 6.2) 
4Rock Quality Designation 
'Visual Stability Rating (Table 5.4) 
'Maintenance Rating (Table 5.5) 
'Rock Mass Rating (Bienawski. 1973) 
'Slope Mass Rating (Romana, 1993) 
'Indicates benched cut 



Table 6.4. Performance Analysis for Edwards Sites. 

otes:'Slope Orientation (Fig. 6.2) 
'Degree of Differential Erosion (Table 6.2) 
"ock Quality Designation 
'Visual Stability Rating (Table 5.4) 
'Maintenance Rating (Table 5.5) 
'Rock Mass Rating (Bienawski, 1973) 
'Slope Mass Rating (Romana, 1993) 
%dicates benched cut 



Table 6.5. Performance Analysis Sites with Edwards Exposed over Glen Rose. 
Si te  H Age A Seepage Slope DDE3 A v g .  VSR5 MR6 <vg. Avg.  

(m) (yr) Slake' Orient.' RQD' RMR7 SMR8 

Notes: 'Difference in Slake Durability between Erodible and Non-Erodible Lavers 
'Slope Orientation (Fig. 6.2) 
'Degree of Differential Erosion (Table 6.2) 
'Rock Quality Desisation 
'Visual Stabilitv Ratine (Table 5.4) -. 
6Maintenance Rating (Table 5.5) 
'Rock Mass Rating (Bienawski, 1973) 
'Slope Mass Rating (Romana, 1993) 
'Indicates benched cut 

Table 6.6. Comparison of Average Performance Factors and Measures. 

Formation Avg .  Avg.  Avg.  Avg.  Avg.  Avg.  
RQD' DDE' R M R b M R 4  VSRS MR6 

Glen Rose 69.5 0.7 64.8 61.7 2.1 1.8 
Edwards 64.0 0 69.4 71.3 3.2 2.5 
Edwards/Glen 70.7 1.7 71.3 71.6 2.2 1.5 

1 Rose I I 1 
Notes: 'Rock Quality Designation 

'Desee of Differential Erosion (Table 6.2) 
'Rock Mass Rating (Bienawski, 1973) 
'Slope Mass Rating (Rornana, 1993) 
'Visual Stability Rating (Table 5.4) 
6Maintenance Rating (Table 5.5) 



Table 6.7. Comparison of Catchment Widths to Recommended Design Widths. 

'Des&n Ditch'width (Fig. 6.9) 
'Catchment Adequacy Rating (Table 5.6) 

1-10-6 
1-10-8 
1283-1 

Catchment 
Adequacy 
Rating" 

- 7 

0 
0 

S i t e  

360-1 
360-2 
Au-1 

Notes: 'Heizht of S l o ~ e  or Lowest Bench 

21 
24 
15 

H' 
(m) 

22Sb 
24.3b 
15 

flat 
gentle slope 
flat 

Catchment 
Shape  

pentle ditch 
pentle ditch 
gentle to steep 

6 
12 
7.5 

Actual 
we 
(m)  

4.5 
7.5 
1.8 

Design 
Wc' 
(m)  

6.5 
6.8 
3.7 

14.5 
7 
9 

3 
3 
3 
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Fig. 6.1. Modes of Failure Observed versus Formation 

I I 
Fig. 6.2. Definition of Slope Orientation. 



Avg. RQD 

Fig. 6.3. Maintenance Rating versus Rock Quality Designation for Glen Rose Sites. 

Difference in Slake Durability (%) 

Fig. 6.4. Visual Stability Rating versus Difference in Slake Durability for Glen Rose and 
Edwards over Glen Rose Sites. 



Avg . 
DDE 

Seepage No Seepage 

Fig. 6.5. Effect of Seepage on Average Degree of Differential Erosion for Glen Rose Sites. 

Glen Rose Edwards overGlen Rose 

Fig. 6.6. Effect of Seepage on Average Maintenance Rating. 



Glen Rose Edwards over Glen Rose 

Fig. 6.7. Effect of Seepage on Average Visual Stability Rating. 
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Catchment  
Adequacy  

Rating 
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Fig. 6.8. Catchment Adequacy versus Ratio of Ditch Width to Slope Height. 
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Fig. 6.9. Fallout Design Curves for 90-Percent Retention Rate (Pierson et.al., 1994). 



CHAPTER 7. DESIGN OF ROCK NAILS 

7 . 1  Introduction 

Rock nails are intended to stabilize rock masses and improve their properties (e.g., 

stiffness). This chapter presents a design methodology for rock nails based on analysis and 

experience. Two design approaches are suggested depending on the rock type and condition. The 

first approach treats the nails as structural members that support and stabilize the rock mass. The 

second approach treats the nails as low-capacity reinforcing elements that bind (or knit) the rock 

mass together and prevent localized raveling and degradation. Both approaches have relevance to 

highway cuts in Texas, although rock nails are not recommended necessarily for every cut. 

7 . 2  Tensile Capacitv of Grouted Nails 

7 . 2 . 1  Introduction 
Nails stiffen and sQengthen a rock mass by resisting tensile (along the nail), shear (across 

the nail), and bending (about the nail) stresses. They are considered passive elements in that they 

will only develop resistance in response to movements within the rock. The relative contributions 

of tensile, shear and bending resistances depend on the orientation of the nail with respect to 

movements in the rock, the stiffness of the nail and grout, and the stiffness of the rock and the 

magnitude of deformations in the rock (Spang and Egger 1990). In typical applications where the 

cut is near vertical and the bolts are oriented near horizontal, the tensile resistance will be dominant 

and shear and bending resistances are secondary. 

Tensile capacities of grouted nails are typically expressed using the unit ultimate pullout 

resistance (T",). The unit ultimate pullout resistance is an average shear stress acting over the 

contact surface area between the anchorage and the rock, and is calculated as follows 

where T is the maximum tensile load, d is the diameter of the anchorage and L is the len,$h of 

anchorage. Unit ultimate pullout resistance can be estimated from pullout tests by dividing the load 



at yielding by the surface area of the anchorage (calculated using the nominal diameter of the 

borehole). 

It is important to point out that the unit ultimate pullout resistance should be considered an 

index value and not an actual resistance encountered along the full length of the nail. The actual 

distribution of stress along the anchorage zone may be highly non-uniform, particularly when the 

bond between the grout and the rock remains intact and before relative displacements occur. 

Figure 7.1 shows results from a theoretical analysis reported by Coates and Yu (1970), as 

presented by Littlejohn (1993). Coates and Yu determined that most of the load transfer between 

grout and rock (as shown by the fastest rate of change in the mobilized load) occurs near the front 

of the anchorage zone. Their study indicates that the stress distribution depends on relative 

stiffness (in terms of Young's modulus, E) of the grout and the rock. A uniform distribution is not 

expected unless the grout is very stiff compared with the rock, which is true only for soils and very 

weak rocks. 

7.2 .2  Tensile Resistance versus Rock Type 
Results of field and laboratory tests reported in the literature were compiled in order to 

identrfy typical values of unit ultimate pullout resistance encountered for grouted anchorages in 

various rock units worldwide. Table 7.1 presents a summary of the results of 43 pullout tests on 

cement-grouted anchors and 131 load tests on drilled piers (where the tests were canied out to 

failure). Table 7.2 presents a similar summary for 17 pullout tests on resin-grouted reinforcing 

elements. The sources and data for these tests are summarized by Whitt (1995). 

Information taken only from tests canied out to failure is often biased toward lower 

stre@ rocks because, in very strong rocks, testing equipment may not be able to reach the 

ultimate capacity of the element. A design capacity is more easily achieved using field testing 

equipment than an ultimate capacity, and proof testing is all that is usually required by contract. 

Most of the data in Tables 7.1 and 7.2 are from sedimentary rock units, particularly arenaceous 

(sand-rich) and argillaceous (clay-rich) rocks. Generally higher capacities are found in arenaceous 

rocks (e.g., sandstones) and limestones. Lower capacities are found for argdlaceous rocks (e.g., 

shales and mudstones) and chalks. Cement and resin grouts display similar values of pullout 

resistance. 

The large values of standard deviation in Tables 7.1 and 7.2 indicate a substantial 

variability in pullout resistance, even within the same basic rock type. In part, this variability is 

due to the following factors: 

1. Variations in intact rock strengths and rock mass properties; 



3. Progressive failure; and 

4. The non-uniformities in stress distribution mentioned earlier, which lead to variations in unit 

ultimate pullout resistance for anchors of different diameters and lengths. 

Therefore, these lists are only offered to present an idea of typical T",, values, and are not a 

substitute for testing the rocks encountered at a particular project. 

7 .2 .3  Tensile Resistance versus Intact Rock Strength 

The strength of the intact rock is a major contribution to the unit ultimate pullout resistance 

of a grouted element. Many different correlations for estimating 'I",, have been developed based on 

the uniaxial compressive strength (UCS) of the rock, as measured in ASTM D2938. For example, 

Littlejohn (1993) presents the following correlation between T",, and UCS for massive rocks (rocks 

with widely spaced discontinuities) 

'I,,, = 0.lUCS (7.2) 

This equation tends to underpredict T",~ for weaker rocks, particularly weathered clastic sedimentary 

rocks. The ratio of 'I",, to UCS can be as large as 0.3 to 0.4 for weak rocks (Littlejohn 1993). 

Horvath et al. (1980) report another correlation between 'I",, and UCS that takes the concrete 

stren,~ into account 

where fw is the controlling uniaxial compressive strength (the lower of the concrete and rock 

strengths) and b is an empirical factor that varies from 0.2 to 0.25 if 'I",, and f," are in MPa. 

In order to evaluate the applicability of different correlations between T",, and UCS, the 'I",~ 
test data in Table 7.1 are plotted versus UCS on Fig. 7.2. These plots include only test data in 

which rock streno& information was also available. In cases where several tests were performed 



at one site in the same rock unit, vertical bars on Fig. 7.2 show the mean pullout resistance +/- one 

standard deviation. Horizontal bars show the range in UCS values for each site., 

The ultimate pullout resistance tends to increase with increasing rock:strength, although 

there is substantial scatter in the data. The correlation proposed by Littlejohn (1993), Equation 

7.2, provides a lower bound on pullout resistance for UCS values less than about 10 MPa (Fig. 

7.2). However, this correlation is less conservative for higher stren,$h rocks where the 

compressive strength of the grout (f  ) becomes the controlling factor. The Horvath et al. (1980) 

correlation in Equation 7.3, which accounts for f , provides a more conservative fit of the data 

than Equation 7.2 for higher strength rocks (Fig. 7.2b). A similar analysis was not done for resin 

grouted anchorages because UCS values were only available for a few tests. 

I 7.2.4 Estimated Tensile Capacities for Rock Nails in Texas 

1 The measured UCS values from the samples obtained during this project are presented in 

I 
Appendix D and summarized in Table 7.3. Based on these values as well as experience with rock 

1 bolting for underground openings and tunnels in these formations, a typical z,,, value for each 
I 

formation studied in this project is provided for use in design as well as a probable range of z",, 

values. 

7 .3  Rock Nail Design Approaches 

7.3 .1  Introduction 

The design of rock nails depends on their intended function. There are two potential modes 

of failure in Texas slopes that can be controlled and prevented using rock nails: (1) global planar 

and wedge failures and (2) localized raveling and degradation. A design approach for each of these 

functions is described in the following sections. 

7.3 .2  Design for Global Planar and Wedge Failures 

Large-scale planar and wedge failures were not common in the 53 slopes that were studied. 

Global failures were observed in three of the rock cuts that were studied (i.e., Sites 281-4, 281-5 

and 2722-I), and all of these failures were in the Glen Rose Formation. However, global failures 

are possible in cuts where there is a continuous, steeply dipping joint (typically greater than 30" 

dip) that is oriented near parallel to the cut face and daylights into the cut face (Fig. 7.3). Further, 

the consequences of a global failure can be severe. Therefore, although global failures are not ii ' 



likely in Texas road cuts, it is of interest to develop a design approach for those instances 

where they are possible. 

7.3.2.1 Total Nail Load 

Rock nails provide a lateral force to support an unstable wedge, as shown on Fig. 

7.3. The required nail loads can be estimated from force equilibrium, as shown on Fig. 7.4 

where the variables are defined as follows: 

P = total nail load (per unit width) required; 

W = weight of wedge (per unit width); 

N = normal force acting on joint (per unit width); 

q = contact pressure due to external loads; 

u = water pressure acting on joint; 

y = unit weight of rock; 

H = slope height; 

a = dip of joint (measured from horizontal); 

p = orientation of total nail load (measured from horizontal); 

Nq = non-dimensional factor representing external loads, where q = Nq.IH; 

and 

Nw = non-dimensional factor representing water pressure, where u = NwyH 

For this condition, the required total nail load, P, is obtained from the following expression 

_ 1 0 . 5  +Nq)  tan(90° - a)  + 0.5N1 

cos (P)F -sin@) 

where 

The design implications of this equation are discussed in the following paragraphs. 



I 

Dip and Strensth of Joint: The total nail load per unit width, normalized by yH', is shown 

on Fig. 7.5 as a function of the joint dip, a, and joint strength, fiOint. The requirLd nail load is zero 

I for a < $,,,,,, and the maximum nail load occurs at a joint dip of a = 45" +$,,in[ 12. Typical joints 

I observed in the studied road cuts were reasonably rough with little to no infilling, and are expected 

to have I$,", values between 30" and 40". Most of the discontinuitites were oriented horizontally as 

bedding planes, which explains why global, planar failures are not very common in these 

formations. However, there were also joints observed that dipped at between 50" and 70" to the 

horizontal. These joints, which were associated with fault zones, are especially prominent in the 

Glen Rose Formation and the Austin Chalk; although they are also present to a lesser extent in the 

Edwards Formation as well. In general, these steeply dipping joints were not spaced closely 

enough to cause problems (i.e., they did not daylight in the 10 to 20 m high rock cuts that are 

typical in Texas), or they were not oriented parallel to the cut face so that the effective dip into the 

cut was fairly shallow. Also, it is important to point out that Equation 7.4 (and the associated 

design chart on Fig. 7.5) are only appropriate for planar type failures. If the unstable wedge is 

bounded by two discontinuities (i.e., a three dimensional sliding surface), then the required nail 

load obtained from Equation 7.4 will be conservative. References such as Hoek and Bray (1977) 

provide design charts for three-dimensional sliding surfaces. 

External Loads: The effect of extemal loads is to increase the required nail load, as shown 

on Fig. 7.6. For traffic loads, a surcharge of approximately 0.6 m of soil is typically assumed for 

design in accordance with AASHTO Standard Specifications for Highway Bridges (1991). For a 
I 
I typical road cut between 5 and 25 m in height, traff~c loads correspond to N, values ranging from 
I I 
I 

0.02 to 0.1; therefore, extemal loads due to traffic are not expected to increase the total required 

nail load by more than 20 percent (Fig. 7.5). If a bridge abutment were founded at the crest of a 

I rock cut (i.e., not founded on drilled piers that transmit the structural loads down through the 

rock), then N, values could be as large as 0.5 and the total required nail load would be doubled. 

However, this type of a design is rarely implemented in Texas. 

Water Pressure: Water pressure' along the discountinuity also increases the required nail 

load, as shown on Fig. 7.7. Water pressure has two effects on the required nail load: it adds a 

horizontal compact of driving force to the wedge and it reduces the shear resistance along the 

discontinuity by reducing the normal load. A worst-case condition for water pressure would be 

that the water table rises to the crest of the slope (i.e., a hydrostatic water pressure of y, times the 

depth below the slope crest). This condition corresponds to an N, value of approximately 0.5, and 



arequired nail force that is increased by more than a factor of 2 (Fig. 7.7). Also, since the water 

pressure reduces the normal load on the discontinuity, the discontinuity strength becomes 

less important and the required nail load becomes less dependent on $oinL (Fig. 7.7). Therefore, 

water pressure can lead to large nail loads and the provision of adequate drainage within the slope 

is an important design consideration. 

Nail Orientation: The nail orientations are typically not horizontal due to construction 

considerations; they are typically oriented at 10' to 1 5 O  to the horizontal. The effect of nail 

orientation on the required nail load is shown on Fig. 7.8. Since the horizontal component of the 

required stabilizing force is most important due to kinematical constraints (i.e., the wedge 

movement is horizontal, as shown on Fig. 7.3), the required nail load increases as the dip of the 

nails increases. Although the most effective nail orientation is horizontal, the difference between 

horizontal and orientations as large as 20" is not substantial (Fig. 7.8). Also, it is important to note 

that the nails have been assumed to provide resistance only through tension (i.e., bending and 

shear resistances are neglected). These other components of nail resistance may become more 

important as the nail orientation becomes oriented near perpendicular to the joint, and the increase 

in required nail load with increasing inclination may actually be less than that shown on Fig. 7.8. 

Therefore, the ease of construction associated with slightly dipping nails probably outweighs any 

benefit associated with horizontally oriented nails. 

Comuarison with A ~ ~ a r e n t  Earth Pressure A~aroach: A common design approach in 

Texas slopes containing nails (both soil and rock slopes), is to use the apparent earth pressure 

envelopes developed by Terzaghi and Peck (e.g., Peck, 1969) for braced excavations in stiff clays. 

The typical envelope being used currently is shown on Fig. 7.9. The equivalent, total nail load 

associated with this envelope is obtained as follows 

This total load is shown on Fig. 7.5 together with the curves obtained from Equation 7.4. For 

typical conditions (i.e., $,,,= 30°, a = 60°, P = On, N, = 0 and N, = O), the total nail load 

estimated from the apparent earth pressure diagram is very conservative with a calculated nail load 

from apparent earth pressures that is about twice that obtained from Equation 7.4 (Fig. 7.5). 



7.3 .2 .2  Distribution of Nail Loads 

The force equilibrium approach described in the previous section proviges an estimate for 

the total nail load required, but does not indicate the loads required in individual nails. In fact, 

there is an unlimited number of nail load combinations that would satisfy the total nail load 

requirement. However, there are other considerations in how the total load is distributed to 

individual nails: . more lightly loaded nails will generally provide a more redundant system than fewer 

heavily loaded nails; 

uniformly distributed nail loads will generally be more effective at minimizing 

deformations during excavation; and . nails neat the top of the cut may improve both local (i.e., smaller wedges) and 

global stability. 

Numerical analyses were performed to investigate how the rock stiffness and construction 

sequence affected the distribution of nail loads in a rock cut with a planar feature (Fig. 7.3). The 

Universal Discrete Element Code, UDEC (Itasca 1993), was used to model a rock cut with nails. 

The studied rock cut was 10 m in height with a planar feature dipping at 60' and daylighting at the 

toe of the cut. The strength of the discontinuity was assumed to be 30". Six rows of nails 

were included, and the nails were modeled as tension members with no shear and bending 

stiffness. 

For rock stiffnesses representative of the rocks in the studied slopes (i.e., between 1,000 

and 5,000 MPa based on the laboratoq testing results in Appendix D), the mobilized nail loads 

were uniform regardless of the construction sequence. Therefore, it is reasonable to assume that 

the total nail loads is divided uniformly among the individual nails for typical rock cut designs. 

For stiffnesses below 50 MPa, which is more typical of a soil, the nails near the middle of the 

slope mobilized larger loads than those near the top and bottom (similar to the assumed distribution 

shape shown on Fig. 7.9). Also, for soil-like materials, the top-down construction sequence 

affected the distribution and magnitude of nail loads. 

7.3 .2 .3  Facing Design 

For the planar failure mode, the wall facing is theoretically not necessary. The only 

requirement is that the nails be secured at the wall face so that they can transfer their full load to the 

unstable wedge. For fully grouted nails, this consideration is only relevant for the nails near the 

toe where the nail length within the wedge is short (Fig. 7.3). Even then, most typical element 



head connections (as described in Chapter 3) will be sufficient to transfer the nail load to the rock 

wedge. 

However, the facing plays an integral role in minimizing local raveling and degradation. 

Since these failure modes are by far the most common failure modes in the studied slopes and were 

present even in the slopes exhibiting global failures, some nominal facing support should be 

provided in all nailed slopes. This facing will serve two functions: it will provide confinement at 

the wall face to prevent local raveling and it will protect the fresh rock from weathering and 

erosion. 

The facing could range from wire mesh to cast-in-place concrete panels. The pressure on 

the facing should be minimal because most of the local raveling is related to degradation of the 

slope; if the degradation is prevented, then the raveling will not occur. Therefore, a 100-mm thick, 

wire mesh or fiber reinfoced shotcrete facing should be sufficient in most instances. In critical 

areas, a conservative design approach is to assume that the facing must support an unstable wedge 

of rock that is defied in size by the nail spacing. These facing loads can then be estimated using 

the design chart on Fig. 7.5, where the wedge height H is the vertical distance between nail rows. 

Drainage is an important consideration in the facing design. If adequate drainage is not 

provided, water pressure will build up behind the wall and increase the facing loads. Further, 

water pressure may build up within the slope along discontinuities and increase the required nail 

loads. Therefore, a drainage material should be placed between the facing and the rock slope and 

drainage outlets should be included in the facing. In addition, the drain outlets should be 

periodically monitored for flow during rainy periods to confirm that they remain open over the life 

of the wall. 

7.3.2.4 Design Example 
In order to demonstrate the proposed rock-nail design approach for global stability, 

consider a 10-m high rock cut in a faulted zone of the Glen Rose. Based on field reconnaissance 

and local experience, the potential exists that a steeply dipping joint may daylight into the 

excavation. The discontinuity will be assumed conservatively to have a of 30" and dip into the 

face at 60'. The rock unit weight is assumed to be 23 kN/m3. A road will be located near the slope 

crest; a surcharge pressure 10 kPa will be used to represent this external load. Therefore, N, is 

equal to 10 kPal(23 kN/m3 x 10 m) = 0.043. The nails will be oriented at 15' to the horizontal. 

Two design cases will be analyzed: N, equal to 0 (no water pressure) and N, equal to 0.5 (a 

worst-case water pressure condition). 



Nail Spacing: The total required nail loads are determined from Equation 7.4: 

i 
P = 0.222(23 Wm3)(10 m)' = 51 1 W m  for N, = 0.0; and 

P = 0.426(23 khVm3)(10 m)' = 980 W m  for N, = 0.5. 

If reinforcing bars with a diameter of 25 mm (A,,,, = 491 mm') with f, = 420 MPa are used in 

the rock nails, then the maximum load per nail is 206 kN. For a typical safety factor against steel 

yielding of 1.5, the allowable load per nail is 137 kN. If it is assumed that the nails are spaced 

uniformly horizontally and vertically at a distance of s, then the required nail spacings for the two 

design cases are calculated as follows: 

(10 m)(137 kN per nail) 
s=Jp=1.6m 511 kN/m forN,=O.O;and 

980 khVm = 1.2 m for N, = 0.5. 

If water pressures are not anticipated in the slope, then the 1.6 m spacing would be sufficient. If 

water pressures are possible, then the costs of installing a drainage system within the slope versus 

installing nails spaced at 0.9 m should be compared to determine the optimal design. 

Nail L e n a :  The nail lengths are determined from their estimated tensile capacity. Each 

nail is required to develop a load of 137 kN. From Table 7.3, a unit ultimate pullout resistance of 

1.0 MPa is assumed for the Glen Rose Formation. A safety factor of 2.0 against pullout is 

typically used in soil. Since there are no measured pullout resistances for these types of nails in the 

Glen Rose Formation at present, a larger safety factor of 3.0 is recommended. This safety factor 

could be reduced with pullout measurements, especially if they are performed at the particular 

project site. If a safety factor for pullout of 3.0 is used, then the unit allowable pullout resistance is 

333 kPa. For a grouted annulus of 75 mm, the required anchorage length is obtained as follows: 



where La is the required anchorage length. Therefore, the nails should be anchored at least 1.7 m 

behind the discontinuity. 

Facine Pressure: If adequate drainage is provided within the slope and behind the facing, 

then the facing pressure can be conservatively estimated from an unstable rock wedge that is 

bounded by the nails at the wall face (i.e., it is 1.6 m high by 1.6 m wide at the wall face). If it is 

assumed that the wedge is associated with the joint set that is dipping at 60°, then the design 

pressure is obtained from Equation 7.4 as follows: 

where w is the design facing pressure. This pressure could easily be accomodated by a 100-mm 

thick layer of shotcrete reinforced with wire mesh or fibers. 

7 .3 .3  Design for Localized Raveling and Degradation 

Localized raveling and degradation was by far the most common mode of failure observed 

in the studied rock cuts. These localized features are typically controlled by bedding planes that are 

spaced 0.5 to 1.5 m apart and near vertical joints (or tension cracks) that are spaced as close as 0.3 

m apart back into the cut face. Rock nails can help support these localized features and stabiie 

raveling. The nails create a reinforced mass of rock at the face of the cut that acts essentially as a 

gravity retaining wall. 

The following design is recommended for using rock nails to stabiie localized instabilities 

at the rock cut face: 25-mm diameter steel bolts (f,, = 420 m a )  grouted in 75-mm diameter holes, 

spaced at approximately 1.5 m horizontally and vertically, with a length of 3 m. This design is 

intended only for the Cretaceous-age sedimentary rocks in central Texas and for rock cuts that are 5 

to 30 m in height. 

The recommended design is based on the following rationale. First, empirical design 

procedures for using rock bolts to support cavern walls in underground constmction indicate that 

the bolt len,@ should be about 0.2 to 0.3 times the wall height and spaced at about 0.5 times the 

bolt length. Second, a simplistic and conservative analysis that treats the reinforced rock as a 

gravity retaining wall indicates that the wall width needs to be about 3.0 m to prevent overturning 

when external loads act at the wall crest. Third, the nails need to be spaced at about the same 

spacing as the bedding features that control the localized raveling. Fourth, an analysis of Iocal 

instabilities (using Equation 7.4) with a wedge height of 1.5 m (the bedding thickness) indicates 
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that the nail force from a 3.0 m long nail will be sufficient to stabilize the wedge. Finally, a similar 

design approach was used sucessfully by Hall et al. (1994) to stabilize vertical iuts in the Edwards 

and Glen Rose Formations at an amusement park near San Antonio. 

In cases where a large external load (e.g., a bridge abutment foundation) is to be applied 

near the slope crest, additional nails that are 6 to 9 m in length (or at least 3 times the foundation 

width) and spaced at about 3 m should be installed at the crest to prevent a local failure just below 

the foundation. These nails should be oriented at about 60' to the horizontal to intersect bod  near 

vertical joints and near horizontal bedding plane features. Fig. 7.10 shows a schematic of this 

proposed design approach. 

It is important to recognize that nails are not necessarily the best approach to stabilize 

localized raveling and degradation. In fact, nails will not be sufficient to prevent localized failures 

alone because the rock around the bolts will be susceptible to weathehg and erosion. Therefore, 

some form of confinement at the wall face, such as shotcrete or wire mesh, should be used in 

addition to the nails. In cases where the rock mass is not heavily jointed, it should be possible to 

rely solely on face confinement with no nails (or nails that only serve to support the facing 

material) to create a stable rock cut that can support external loads. Nails could also be used only 

in areas of the rock face that are jointed and potentially unstable (i.e., spot bolting). 

7 . 4  Corrosion Protection 

Corrosion protection is an important design consideration for rock nails in roadway cuts. 

The nails will typically be used in critical, permanent structures (e.g., bridge abutments), and some 

of the rock formations (specifcally the Glen Rose) are aggressive concerning corrosion. When the 

nails are used for global stability, fully encapsulated nails should be used in accordance with 

FHWA guidelines for nail corrosion protection on U.S. Federal-aid Highway projects (FHWA, 

1993). The nail should be grouted inside a corrugated plastic sheath using a neat cement grout. 

The minimum grout cover between the tube and the borehole wall should be 12 mm. When the 

nails are used for local stability, full encapsulation is not necessary. In these applications, a 

minimum grout cover of 37 mrn should surround the nails and centralizers should be used to 

ensure grout cover along the entire nail length. 

7 . 5  Surnrnarv 

In summary, rock nails can be used to improve both global and local stability. In road cuts 

with continuous, steeply dipping discontinuities that are spaced closely enough to daylight at the 

cut face, nails should be anchored across the discontinuity. A design equation and design charts 



are provided to estimate the required nail loads. Conventional tiebacks could also be used in place 

of rock nails to stabilize these slopes effectively, and a cost comparison between the two should be 

conducted to determine the optimal design. Nominal facing support should be provided in either 

case to prevent localized raveling and degradation. While global planar failures are possible in 

Texas road cuts, they are not common. 

The most common failure mode in Texas road cuts is localized raveling and degradation. If 

the rock mass is heavily jointed and fractured, closely spaced, lightly loaded rock nails can he used 

to provide support to local instabilities. Rock nails are specifically recommended in these rock 

conditions when a large external load (e.g., a bridge abutment foundation) will be applied near the 

slope crest. However, in many instances, rock nails are not necessary and confinement at the face 

(e.g., wire mesh or shotcrete) will serve the same purpose more effectively and less expensively. 

Altnernative conk01 measures for local instabilities are described in the next chapter. 



1 1  Table 7.1. Unit Ultimate Pullout Resistance for Different Rock Types 

I Table 7.2. Unit Ultimate Pullout Resistance for Different Rock Types 

(Cement Grouted Anchorages). 

Rock Type 
Igneous 
Metamorphic 
Sedunentary 

Arenaceous 
Argillaceous 

Marl 
Mudstone 
Shale 

Calcareous 
Limestone 
Chalk 

(Resin Grouted Anchorages). 

Number of Tests 
7 
3 

83 
57 
13 
15 
24 
18 
10 
7 

Rock Type 
Igneous 
Metamorphic 
Sedimentary 

Arenaceous 
Argillaceous 

Shale 
Calcareous 

Limestone 

Table 7.3. Recommended Unit Ultimate Pullout Resistances for Texas Formations. 

Rock Formation 

Glen Rose 
Edwards 

Austin Chalk 

Unit Ultimate Pullout ~esistanie, T",, m a )  

Number of Tests 
6 
0 
11 
0 
3 
3 
8 
7 

Range 
0.12-6.37 
1.60-5.57 

0.12-9.55 
0.05-2.50 
0.10-1.03 
0.12-1.05 
0.05-2.50 
0.09-4.80 
0.09-4.80 
0.14-1.07 

Unit Ultimate Pullout Resistance, T",, m a )  

Measured UCS m a )  

Mean 
2.13 
2 99 

2.05 
0.56 
0.38 
0.57 
0.63 
1.27 
1.91 
0.39 

Range 
1.22-2.29 

0.75-3.38 
0.72-3.32 
0.72-3.32 

Mean 

12 
29 
9 

Recommended T,,, @Pa) 

Stddard Deviation 
2.37 
2.23 

1.67 
0.46 
0.31 
0.26 
0.61 
1.45 
1.69 
0.35 

Typical 

1 .O 
2.0 
1.0 

Mean 
1.73 

2.29 
2.27 
2.27 

Range 

5 - 30 
14 - 56 
2-18 

Range 

0.5 - 2.0 
1.0 - 4.0 
0.5 - 1.5 

Standard Deviation 
0.45 

1.38 
0.73 
0.79 

Standard 
Deviation 

7 
16 
5 
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Fig. 7.1. Distribution of Pullout Resistance along a Grouted Reinforcing Element 
(after Littlejohn, 1993). 



Uniaxial Compressive Strength (MPa) 

a. Cement grouted elements, average UCS < 3.0 MPa. 

Uniaxial Compressive Strength (MPa) 

b. Cement grouted elements, average UCS > 3.0 MPa. 

Fig. 7.2. Unit Ultimate Pullout Resistance vs. UCS. 
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Fig. 7.3. Rock Nails Stabilizing a Global Failure. 
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Fig. 7.4. Equilibrium of Unstable Wedge for Nail Design. 



Fig. 7.5. Design Chart for Total Nail Load versus Joint Orientation. 
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Fig. 7.6. Effect of External Loads on Total Nail Load. 



Fig. 7.7. Effect of Water Pressure on Total Nail Load. 
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Fig. 7.8. Effect of Nail Orientation on Total Nail Load. 



Fig. 7.9. Apparent Earth Pressure Envelope for Estimating Nail Loads. 
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Fig. 7.10. Conceptual Nail Pattern for Local Stability of Rock Cuts Supporting External Loads 
(Fi-we Adapted from Hall et al., 1994). 



CHAPTER 8. ALTERNATIVE CONTROL MEASURES FOR ROCK SLOPES 

8 . 1  Introduction 
Rock nailing is only one of many measures that are available to control the performance of 

rock slopes. In this chapter, alternative measures of control, which can be used alone or in 

combination with other measures, are described. Table 8.1 provides a list of various conk01 

measures and a summary of their respective advantages and disadvantages. 

8 . 2  Catchment Ditches 
Catchment ditches are intended to catch rockfall and prevent it from entering the roadway. 

Ritchie (1963), Castaneda (1976), Pfeiffer et al. (1993) and Pierson et al. (1994) all provide 

design guidelines for catchments. Several interesting features of these design guidelines are that 

(1) angled slopes require larger catchments than vertical slopes because rolling rocks develop 

greater momentum than falling rocks, (2) slopes with benches and ledges also may require larger 

catchments because falling rocks may get launched over the ditch and (3) softer rocks (i.e., UCS 

less than 25 MPa) require smaller catchments because softer rocks do not bounce as high. 

Ritchie's design catchments tend to be narrow and deep. Due to safety concerns for motorists, 

more recent design guidelines (e.g., Pierson et al. 1994) provide for flatter ditches, such as those 

typically used in Texas. 

Based on the data compiled in this project (Chapter 6), a preliminary design guideline for 

Texas slopes with rockfall potential is that the catchment width should be approximately 0.5 times 

the slope height. If the catchment is sloped, than this width can be reduced. The design ch& 

shown on Fig. 6.9, which gives required catchment width as a function of the slope height and 

ditch slope, provides useful guidance for typical slopes in Texas. 

8 . 3  Catch Fences. Nets and Barriers 
RocMall catch fences and nets can be constructed at the toe of the slope to catch rolling, 

bouncing, or falling rocks. Fences are systems using chain link or double-twist hexagonal gabion 

mesh, while nets use wire rope mesh. Because they are flexible, fences and nets are able to absorb 

and dissipate rockfall energy without sustaining damage. They can be installed at the outside edge 

of the ditch or on top of barrier walls. Flexible-post and suspended-fences can also be used in the 

middle of longer slopes to slow rolling and bouncing rocks. The fence and net should be 

constructed on the outside of their supporting posts to allow easier cleaning and repair, as 



illustrated in Fig. 8.1. Hearn et al. (1992) provide information regarding field tests and capacity 

analyses on flexible-post fences. Smith and Duffy (1990) give the results of field tests on rockfall 

catch nets, and Duffy (1992) discusses catch-net design. Brawner (1994) gives relevant 

construction specifications for catch fences and nets. 

Barriers are rigid structures which prevent rocks from reaching the roadway. Baniers can 

be built on the outside edge of the ditch to effectively increase catchment depths. The most 

commonly used barriers are standard Jersey barriers (concrete barriers usually used as traffic 

barriers). However, these are only sufficient for stopping smaller blocks (Brawner, 1994). 

Gabion barriers (wire mesh boxes filled with cobbles), bin walls (metal, concrete or timber bins 

filled with freely-draining backfill), and debris mounds have also been used effectively. 

8.4 Draped or Bolted Wire Mesh 
Wire mesh can be placed on the slope to prevent raveling of loose rocks and to control rock 

fall. Mesh can be draped over the slope to direct falling rocks to the catchment ditch. The mesh 

can also be attached to the rock face with small diameter rock bolts to hold loose rocks in place. 

Brawner (1994) recommends that these bolts should have a minimum diameter of 19.1 mrn and be 

resin-grouted for faster installation. Also, wire mesh should be double-twisted gabion wire rather 

than chain-link because the latter has a tendency to unravel if one strand is broken. 

8.5 Cable Lashing and Anchored Cable Nets 
Cable lashing and anchored cable nets are rockfall prevention techniques used to hold 

unstable rock blocks or slabs in place. Cable lashing involves using large diameter, high capacity 

steel cables to tie down large blocks or slabs. The post-tensioned cables are attached to rock 

anchors outside the unstable zone. Nets of steel cable can be used to hold groups of smaller blocks 

in place. The net is tied to supporting cables, which are attached and tensioned as in cable lashing. 

Anchored cable nets can be used for blocks with diameters as large as 2.5 m. 

8 . 6  Spot Boltinp and Dowels 

Spot bolting involves using bolts to support localized areas of an instability in a slope. 

Design loads are dependent on the forces needed to achieve equilibrium of the area being 

supported. The discussion on nail design presented in Chapter 7 is applicable to the design of spot 

bolting. In addition to their use in rock reinforcement, dowels can also be used as shear keys 

installed below potential sliding blocks. A common situation is shown in Fig. 8.2, where a 

potentially sliding block exists on a slope. As the block attempts to move, the dowel resists the 



movement. The dowel is packed in concrete to assure that the applied stress is in shear rather than 

in bending. Design loads are determined from an equilibrium analysis of the block being 

supported. 

8.7 Shotcrete and Dental Masonry 

Many of the failures in the rock slopes studied in this project are related to differential 

weathering and erosion. Application of shotcrete to the freshly exposed surface of the weaker 

layer can be used to prevent these processes. There have been some objections to the use of 

shotcrete on aesthetic grounds, although shotcretes with a natural appearance have been developed. 

In locations where aesthetics are important, reinforced masonry provides an alternative to 

shotcrete. While more expensive, masonry can blend in well with the surrounding rock, especially 

if native material is used. Reinforced masonry was used in some areas of the Fiesta Texas Theme 

Park, north of San Antonio (Hall et al., 1994). 

8 . 8  Differential Erosion Buttresses 

Buttresses are smctures designed to support the weight of an overhanging rock block or 

slab that bas formed from differential erosion. They are often constructed of reinforced concrete or 

masonry. A typical application is illustrated in Fig. 8.3. Differential erosion of marl can occur 

below a more resistant limestone. If a vertical joint exists or is initiated in the limestone, the weight 

of the undercut section can cause this crack to propagate through the entire layer, leading to a 

situation of block toppling. A buttress can be used to support the weight of the limestone block 

and, therefore, prevent toppling (Fig. 8.3). 

8 . 9  Slooe Flattening 

A common means of stabilizing unstable slopes in Texas has been to flatten the slope 

grade. A horizontal-to-vertical slope ratio of 1H:4V is a rule of thumb used by many highway 

departments to determine a safe slope angle in rock (Brawner, 1994). For example, slopes of 

1H:4V were excavated along RM 2222 east of Loop 360 in Austin (TxDOT, 1972). While such 

rules of thumb may be appropriate in some local areas for massive rocks with few discontinuities, 

slope instability is more often controlled by the orientation of joints within a rock mass. 

Additionally, rock strength and weathering characteristics are very important in the lay-back 

decision. Some rock units are inherently unstable on the common 1:4 slope. For example, the 

Eagle Ford Shale in Texas is only marginally stable at a 5H:lV slope (Allen and Flanigan, 1986). 

Due to weathering characteristics, other rock units may actually be more stable at steeper slopes. 



The Glen Rose Limestone, for example, appears to weather faster if laid back. Fig. 8.4 shows a 

photograph of a slope on Spur 534 in Kerrville ( 1.1 km east of SH 16) at the contact between the 

upper Glen Rose and the Fort Terrett member of the Edwards Formation. This slope exhibits 

extensive erosion furrowing and slumping of the weathered material, and has not supported 

vegetation. At the intersection with FM 1341, about 0.32 km farther east, a retaining wall 

supported by 0.6 m diameter drilled shafts was constructed to retain the slumping material on a 

similar slope (TxDOT, 1988). 

8.10 S l o ~ e  Benching 
Excavation of horizontal benches on slopes is another traditional method of remediating 

unstable slopes. Benching can improve performance in two ways. First, reducing the height of 

slope between benches can prevent global stability problems. The required bench height and width 

will be related to the rock stten,& and, more importantly, the orientation and location of 

discontinuities. Second, benches act as a mid-slope catchment for rocks which dislodge from the 

slope (Fookes & Sweeney, 1976) and reduce erosion by dissipating the energy of surface runoff 

(Piteau and Peckover, 1978). 

An important consideration in desi-&g a benched slope is that benches must be re,darly 

inspected for accumulation of debris (usually after large rainfall or freezing events, and on a re,dar 

basis as found necessary for the particular site) and must be accessible for maintenance equipment 

to remove the accumulated debris. In practice, benches are often either not accessible for clearing 

or not cleared frequently enough. As illustrated in Fig. 8.5, filled benches can act as ramps, 

launching falling rocks onto the roadway. For this reason, the Federal Highway Administration 

has recommended that benches @ be used as a form of rock slope remediation or design, and 

recommends their use only at the contact between rock and overburden (Brawner, 1994). 

8.11 Scalinv. Chemical Expanders and Trim Blastinv 

Periodic removal of loose, unstable or overhanging blocks from the slope through scaling, 

application of chemical expanders, and trim blasting can minimize rockfall potential. Scaling is the 

removal of smaller, usually loose, blocks on the slope. Scaling is usually done by workers on 

ropes using prybars, hydraulic splitters, or jacks. On some slopes, mechanical equipment like 

backhoes and rock breakers can be used. No studies have been done in Texas to determine how 

often scaling must he performed on a given rock cut. Brawner (1994) reports that, in general, 

scaling is usually required every 8 to 10 years where freeze-thaw is common, and every 12 to 15 



years in warm, dry climates. None of the TxDOT maintenance districts contacted for this project 

have indicated a regular program of scaling. 

Where scaling methods are not feasible, chemical expanders and trim blasting can be used. 

Chemical expanders are chemicals, usually inorganic lime compounds, that undergo volumetric 

expansion when they react. When these chemicals are placed in drill holes, the chemically-induced 

expansion breaks rock slowly, eliminating the rock mass damage and vibrations associated with 

blasting. Trim blasting is the use of small-scale explosives to remove larger blocks that are 

unstable or overhanging. The effectiveness of scaling, chemical expanders, and trim blasting is 

dependent on the quality of work. Inexperienced personnel can often cause more damage than is 

repaired. Brawner (1994) provides a set of sample specifications for scaling, chemical expanders 

and trim blasting. 

8.12 Drain Holes and Surface Drainage 

Slope failures are often driven by water pressures within the rock mass. Water can also 

cause damage through freeze-thaw (material degradation or block loosening from ice lenses) and 

erosion. Patterns of horizontal or inclined drain holes can be used to reduce the water table level 

behind a slope or to drain water-bearing discontinuities. Reduction in water pressures will help 

stabilize the slope and removal of water will reduce the potential for freeze-thaw damage. It is also 

important to control water at the surface. Piteau and Peckover (1978) recommend that ponds and 

water-fded depressions above the slope be drained, that the surface of the slope be reshaped to 

control drainage, that any cracks or permeable areas that would allow water to infiltrate the slope be 

sealed, and that surface drainage away from the slope be controlled by ditches and culverts. 

Establishing and protecting existing vegetation also reduces erosion. However, trees and large 

bushes should be removed from the slope and crest because they can loosen blocks through root 

wedging. 



Table 8.1. Advanta~ 
Control Measure 

Rock Nails 

Catchment Ditches 

Catch Fences. Nets and 
Barriers 

Draped or Bolted Wire 
Mesh 

Cable Lashing and 
Anchored Cable Nets 

Spot Bolting and Dowels 

Shotcrete and Dental 
Masonry 

Differential Erosion 
Buttresses 

Slope Flattening 

Slope Benching 

Scaling, Chemical 
Exuanders and Trim 

Blastin:! 
Drain Holes and Surface 

Drainage 

; and Disadvantages of Available Cont 
Advantages 

Support Extemal Loads 
Improve Global Stability 
Minimize Ravelinglling 
Facing Can prevent weathering 
Minimize Rockfall from Entering 
Roadway 
Natural Appearance 

Minimize Rockfall from Entering 
Roadway 
Can Be Installed Where and When 
Problems Arise 

Minimize Ravelinglling 
Can Be Installed Where and When 
Problems Arise 

Minimize Ravelinglling 
Block Sizes up to 2.5 m Can Be 
Stabilized 
Can Be Installed Where and When 
Problems Arise 
Minimize Ravelinglling of Small and 
Large Block Sizes 
Can Be Installed Where and When 

Minimize Ravelinglling from 
Differential Erosion 
Can Be Installed Where and When 
Problems Arise 
Prevent Global Stability Problems 

May Improve Global Stability - May Reduce Erosion 
May Act as a Mid-Slope Catchment 
Can Be Installed Where and When 
Problems Arise 
Minimize Rockfall due to Ravelinglling 
Can Be Implemented Where and When 
Problems Arise 
Reduce Slope Degradation from 
Weathering and Erosion 
Minimize Ravelinglling from Water 
Pressure and Freezemhaw 
May Improve Global Stability 

1 Measures for Rock Slopes 
Disadvantages 

May he Expensive 
~ac-ing ~ a i  Have Unnatural 
Appearance 

Wide Right-of-way May Be 
Necessary 
Ditch Maintenance Required 
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Fig. 8.1. Rockfall Catch Fence ~onstmction. 

Unstable Block 

Dowel - Concrete 

Fig. 8.2. Dowel as Shear Key. 

Vertical Joint, , Unstable Block 

Fig. 8.3. Buttress to Support an Overhanging Block. 



Bench 

Fig. 8.5. Debris-Filled Benches as Launching Ramps. 



CHAPTER 9. CONCLUSIONS AND DESIGN RECOMME@ATIONS 

9 . 1  Summarv 

The objective of this project was to develop a rational design procedure for road cuts in the 

soft rocks of ceneal Texas. A comprehensive field reconnaissance was conducted, and the 

behavior and characteristics of the rocks in natural and man-made exposures were systematically 

observed and documented. The rock units in this study have included primarily the Cretaceous-age 

sedimentary rocks that outcrop in a broad band from west of San Antonio through Austin, Waco 

and Dallas. The lithologies include limestones and dolostones of varying purity, through clay-rich 

marls and clay shales. 

Observations have included exposure geometry, rock mass quality, impact of weathering, 

and potential failure modes. Rock cores were also obtained and laboratory tests were conducted on 

core samples and grab samples from exposures. In addition, the performance of existing 

excavations and design procedures was also evaluated. Performance information that was 

collected and analyzed included qualitative descriptions of stability, quantitative information on 

maintenance frequency and effort, and quantitative information on catchment adequacy. The major 

conclusions from this work are summarized in the following section, and design recommendations 

are provided in the final section of this chapter. The methodology developed here can be applied to 

other geologic formations encountered in TxDOT construction. 

9 . 2  Maior Conclusions 

Failure Modes: The most common mode of failure in road cut exposures has been localized 

raveling and differential erosion. The Cretaceous-age rocks in central Texas contain varying 

amounts of clay, making them susceptible to disaggregation under the wetldry cycling that is 

characteristic of the central Texas climate. Units that contain clay-rich rocks weather and erode 

very rapidly on exposure. As weathering proceeds, the more resistant units are left as tables or 

cantilevered overhangs that eventually break off. This failure mechanism is particularly dominant 

in the Glen Rose Formation and the Austin Chalk. Raveling of loose blocks is associated with the 

Edwards Formation where paleokarst and recent (in geologic time) solutioning has created cavities 

and fractures. The block sizes in both instances tend to be comparable in dimension to the bedding 

thickness, on the order of 0.5 m. Increased weathering and block fallout are associated with 

groundwater seepage from the cut or overland run-off flowing down the cut surface. For 



excavations in uniform, layered rock, differential weathering is less of a problem because the rock 

face weathers uniformly. 

Large-scale planar or wedge failures due to continuous, steeply dipping discontinuities are 

not common in central Texas road cuts. This failure mode was observed in only 3 of the 53 road 

cuts studied. In all cases, these failures were associated with faulted zones within the Glen Rose 

Formation. While localized raveling and differential erosion could eventually lead to larger-scale 

failures, this type of failure was not observed in any of the road cuts; hence, the time required to 

achieve such a failure is probably greater than 50 years. 

Performance versus Formation: Cuts in the Edwards Formation are generally more stable 

than those in the Glen Rose or Austin Chalk. For the Glen Rose, the upper 10 to 15 m can have 

highly variable properties and low strengths due to weathering and the presence of marls. Shallow 

cuts that are laid back can actually weather into soil-like materials that eventually exhibit slumping. 

Weathering of the Edwards is much less pronounced than for the Glen Rose or Austin Chalk. The 

main source of variability in the Edwards is related to solutioning and collapse zones; these zones 

tend to ravel more readily and require greater maintenance than unsolutioned zones. 

Predicting Performance: Conventional information from borings provides limited 

information in predicting the performance of rock cuts in central Texas. The quality of the rock 

core (i.e., the rock quality designation, RQD) does not correlate well with stability. While high 

RQD values are generally associated with good performance, low RQD values are not necessarily 

associated with poor performance. For example, the Edwards Formation generally had the lowest 

core quality, yet the slopes are performing the best because rock matrix in solution collapse zones 

fractures readily when cored but is cemented in situ. It is especially important in these rocks to use 

high-quality coring techniques to minimize damage to the core sample during drilling. Borings 

may be useful in detecting marl layers in the Glen Rose. These layers can lead to siag5cant 

problems from weathering and differential erosion. 

In general, existing rock mass classification schemes such as the Rock Mass Rating (RMR) 

and the Slope Mass Rating (ShlR), are not effective at predicting the performance of the soft rocks 

in c e n d  Texas. These schemes, which were developed over the past 20 years by correlating 

performance with rock properties and conditions, are most appropriate for rock masses where 

failure modes are driven by discontinuities and joints. Since the most common failure mode for the 

central Texas rock cuts is localized raveling and degradation, these conventional schemes are not 

appropriate. 

Raveling and differential erosion are characterized by layered rock units with large 

differences in weathering resistance. It was found that differences in slake durability of greater 



than 20 to 30 percent between individual layers within a slope indicate a high potential for 

differential erosion. However, the absolute magnitude of slake durability, or other related 

properties such as unconfined compressive strength, are not effective indicators of this failure 

mode. 

Maintenance Reauirements: Maintenance requirements tend to be greater for cuts 

susceptible to raveling and differential erosion, cuts with groundwater seepage, and taller cuts. 

Benches can be effective at reducing the slope height and, therefore, reducing the maintenance 

requirements. However, benches are only effective if they are wide enough to catch rock fall from 

the slope above and are cleaned frequently. Several of the studied slopes, specifically along Loop 

360 in Austin, have benches that are filled with debris and cannot he accessed for cleaning. Filled 

benches are problematic because subsequent rock fall will not be caught, and blocks may be 

projected out further from the slope toe and closer to the road. 

Catchment Adequacv: Flat catchments to collect rockfall are effective if the width is greater 

than one-half the slope height. Increasing the grade of the catchment toward the slope can provide 

an effective catchment at narrower widths. Also, cuts that are not susceptible to raveling and 

differential erosion perform well even with narrow catchment areas because rock fall is not a 

problem. 

Drainage: Water seepage and pressures can lead to rock mass deterioration. It is therefore 

important to maintain open drainage behind facing or walls. 

Rock Nail Performance: The few rock cuts containing rock nails have all performed well to 

date. The nails and facing materials have prevented raveling and erosion that has occurred in other 

cuts at the same sites. 

9 . 3  Desien Recommendations 

Design recommendations for road cuts in rock are provided in the following sections. 

These recommendations pertain specifically to the soft rocks of central Texas that were studied in 

this project. 

9 . 3 . 1  Site Investigation 
Site investigation is an important step in developing a design for a cut slope in rock. The 

following preliminary information should be obtained at a minimum from the investigation: 

stratigraphic information, including formation type; 

bedding thickness; 



presence, dip and orientation of joints or other discontinuities. 

In general, this information can be obtained from published geologic maps and literature, local 

experience, the data included in this report, and a field reconnaissance of the site and vicinity. 

On the basis of this preliminary information, further investigation is recommended in the 

following instances: 

1. If a potentially continuous discontinuity trends nearly parallel to the slope face and dips 

toward the cut, the orientation, dip and roughness of the discontinuity should be 

investigated. Borings are one possible approach, although they will only detect 

discontinuities with dips less than about 70" unless the borings are inclined. Shallow 

geophysical techniques might also be used to locate and orient these features. At a 

minimum, a more detailed field reconnaissance is warranted to identify the possible 

orientation and dip of these features. If continuous discontinuities are expected, site 

inspection by qualified geologists or geotechnical en,heers should be planned during 

construction. 

2. If a slope in the Glen Rose or Austin Chalk is to be unsupported and the catchment area 

will be less than 0.5 times the slope height, then the potential for differential weathering 

and erosion should be investigated. Borings should be drilled to identlfy if thick 

(greater than 0.3 m) marl layers are present. Also, slake durability tests should be 

conducted on core samples to determine the difference in slake durability between 

individual layers in the proposed cut. If thick marl layers are present or the difference 

in slake durability exceeds 20 percent, then some form of face support is 

recommended. 

3. If a slope is to be supported with rock nails, then borings are recommended to estimate 

the thickness of beds and to identify anomalies, such as collapse features or soft, 

erodible layers of rock. Unconfined compression tests are also recommended on core 

samples to provide information on nail capacity. 

Borings that are drilled should be drilled with double or triple tube core barrels using a 

diamond insert cutting bit. Percent recovery and RQD should be documented for each core run. 

Percent recovery is useful in identifying collapse features, fault zones and soft, erodible layers. 

9.3 .2  Rock Cut Design Recommendations 

In most instances, near-vertical, 10 to 30-m high rock slopes or cuts in these formations 

can be left unprotected and unsupported if an adequate catchment area at the toe is provided to 

prevent rockfall from entering the roadway. A flat catchment area should- be at least 0.5 times the 



slope height in width; catchments graded back toward the slope can he narrower, and the design 

chart included in Fig. 6.9 of this report is recommended for their design. Benching to decrease the 

effective slope height is not recommended unless the benches are made wide enough to catch 

falling debris (again, a bench width on the order of 0.5 times the bench height is recommended) 

and can he accessed for clean out. Cuts that are flatter than near-vertical (i.e., less than 70" from 

horizontal) are not recommended, because the reduction in drainage efficiency tends to promote 

weathering, especially in the Glen Rose Formation. 

In areas where adequate catchment cannot be provided due to right-of-way or other 

geometrical constraints, the slope should be protected from raveling and differential erosion. The 

preferred approach for protection is a 100-mm thick layer of fiber reinforced shotcrete. Adequate 

drainage should be provided behind the shotcrete. Draped or bolted wire mesh is an alternative 

approach that may be less expensive and more pleasing visually; however, it will probably not be 

as effective as shotcrete at minimizing differential erosion. Spot bolting (or nailing) is 

recommended for supporting larger blocks (on the order of several meters in size) that may be 

unstable. Seepage and surface water cone01 will also be helpful in minimizing raveling and 

erosion. 

In areas where external loads are to be supported near the crest of the rock cut, rock nails 

are recommended in addition to the shotcrete. The rock nails in the face should be 25-mm diameter 

steel bolts (f, = 420 MPa) grouted in 75-mm diameter boreholes, oriented near horizontal, spaced 

at 1.5 m horizontally and vertically, and 3-m in length. Additional rock nails should be installed 

near the slope crest if the external loads are large (e.g., a bridge abutment foundation). These nails 

should be oriented at about 60" to the horizontal and at least 3 times the foundation width in length. 

If continuous, steeply dipping discontinuities will daylight at the cut face, then rock nails 

(or tiebacks) should be installed across the discontinuity to support the potentially unstable wedge. 

This recommendation is intended for both slopes with and without external loads if a large-scale 

planar or wedge failure is possible. A design equation and design charts are presented in Chapter 7 

to estimate the required nail loads. The nails should be similar to those described above, except 

that they should be fully encapsulated in a plastic sheath to minimize corrosion. Again, fiber 

reinforced shotcrete should be applied at the cut face to prevent localized raveling and differential 

erosion. Drainage should he provided behind the shotcrete and within the slope to prevent build up 

of water pressures. 
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Physical 
Pmpenis 

Condition 

Dip 

~ - b  

Persistence 

Condition Penistence 



TxDOT Rock Mass Field Description Code .& 
page l o f L  

Scanline Descriptions 

Horizontal Scanline Number: a 
Horizontal Laation (key inro prone sliefcb and elevation sketch) - 
Height a b v e  base of mt (ft): A 
~f within one layer, layer thiches (ft): L' C B ~ O  4% P 

L e n a  of scanline (ft): & 
-l 

.Q 

~ a e  of scantine: W GcI h/ 45% &-(.J 
c ~ ~ o F F  

J &.,- 9.- 1 WnCL 

I 'I I 

Scanline Sketch (station& in ft, include seepage locations) 
&..T:C & 'I 

I AI 1 :_,- 
:L,- \++'5 1 ... 

7 f Debris Description ;g. 
LY-$-, $? ?:A -.. 

&anline ~nforma&n: , 

Description Keys: 

Strike or Dip: R =into slope to the right Persistence exposed length (ft) 
L =into the s l q e  to the left continuour timu& outcmp 

Condition: Closed rough b e d c o u f i i  
uoddating tmniuatiw index- 
p k  
slickensided 

W e d  
clayey Debris Estimated block &ezq(ft) n ,-+5- , 
gouge Joint or blaa fomahon Fd,3n 
tiling thiclmes Difewtiai Wed* 



TxDOT Rock Mass Field Description Code &'3 
 age A o f Y  

Scanline Descriptions 

Vertical Scanline Nnmber: 1 
Scanlioe Localian (key into profde sketch and elevation sketch): 
Height of sanline (ft): - 

-- 
- 2 w a r  ,, 

SQnline Sketch \E  MI^^;.^ . .- 

Scanline Information: 'L. 

Fractnre Frequency (disclft): - 



Dirr.ensions a d  OrielltlEon - -' T r t : 

L3rd Eamt (fq: ; 5= 

Emches: numkr cfltvek D hf.i:'ht (h): -w;'drh (fi) 

Fzce oiar;tion: snil;$dip 5 Ca i /5 3 5-- 
' /  ~ 1 1 c h m ~ ~ t ~ ~ ~ ~ ; ~ ~  C ;,..., 2 4  ' "</ d!< ,/.. 2 :..;,,. 

~ u ~ ~ o n h m e d . '  ~/.r -6 

Method  ofEscavat;on (iibluie4 describe b h  effececrs) :' Ah<";- % ~ 6 ~ 4  6 3 ' 
. ., , 

c ~ L . , .  0 s i . i i ' c  c, .-% . .> - ' ~ 
- - - - - 

Age of Exposure-7 . I  a 

Yeperation Effects d - + a  

. . . . . . . . . . . . . . . . . . . . . . .  
Elevation Sketch of E S ~ O S L U ~  ([I) (add scale) 



TrDOT Rock Mass Field Descrip3on Code h - 2- 
~ 2 ~ "  L of 2 

Scanline Descriptions 

Hori.l.ontdScanline Xnmberr I 
Horimpl  Lomuon C;ey inm pmme sketch and elevation sketch): - 
Hei&t atove b z e  of cur (ft): 

~i aih one llyer, l3yer rhicbes (it): 2 
Len,+ o i s c d n e  (ft): d 
Sac of scanline: S 5 S o  

B a O U  3 23 - - - - -  5 . - j 5 - u 5 - - " - - - - ' - - - - -  
i~ '  IF' 15' 

I I . . . . . . . . . . . . . . . . . . . . . . .  
0 4 0  0+50 i 4 0  

Sctnline Sketch ( s c d o e  in A, iaclude seep2ge locations) 

Description Keys: 

S&e or Dip: R =into slope ro the nshr Persistence exposed len_& (fi) 
L = inro me slope ro h e  left condnuour. tiuou& ourcrop 

Condition: Closed rou* bed-confied 
undularing r&dm index 
Pi=- T 
slickensided S 

Filled sandy ' R 
clay sv Deblir: Esdmated block size (f0 
gouge Ioinr or blaa formation 
fiuing rhihw Differential Tearhe& 



TxDOT Rock M a s  Field Description Code h ~ ' ~  
fige 

Scanline Descriptions 

I Vertical Scanline Nnrnber: - 
S d e  ~ocation (key into profie sketch aod elevation skekhx 
Height of scanline (ft): 
m h  ofscaatine: !E' 

I- 

SQnline Sketch 

Seantine Information: 

Fracture Freqnency (disdft): - 
RQD: 



Tr-:COT ~ ~ ~ l i  3125s Fie12 C-escripean Code A w - %  
?J:r L o i *  

Snumzy  G ~ o l c ~ i c  Descript!on 

. 

~oinr Set I St&- I Condition Persisence 1 

E e d d i q  Dsscri~t ion:  Skikeidip: 

- - 

Active Erosion: d c ~ r  

Phyn=I 
Properties , / . Renwh 1 ";-%:: 

Ue:,&, l.ra., WI I r ~ +  
I A , .  1 I I 

Lr?er 1 Tnichess 
I I V' 

C- I 

- 

- 

GeatechnicalData {core available, site inveseat ion report?): 

5 I ',I! I I 
* =.a< 

Gzoloss 
Fomdon 

61.. 2 . b ~  IGIU .! 

F o r m  of Slope Degradation: dt. 
?%/z 

T s W T  Contact TDOT Record of Maintenance: - 
,7 

, I ,  ! F,, +or/ dnV < 

I I I I I 
Condition Persisience Fezture Remads Sac Dip 



' m a :  
P 9 a l d A  

TxWT Rock Maas Fimld Description ~ 2 t L z L  
Glen Raw Fomntion 

m LA.% 2a/ / v . B a n +  m a =  

TmOTDisbW #ky @miNIO ~ u . 4  kaaw wrmiM m 

= - 
7 > 
D 
E 

l H L V s U L  tnws . a**. &, 

RWsSMdl  F i m s m  

G m m l  Exposure Description 



TxDOT Rock Mpss W d  M p t i o n  
Glen R0.e FomPtion 

SummaIY of Engineering Geologic Dptp 



TxWT Rock Mass Fleld Description 
O * n R w s F ~  



TxDOT Rock Mass Field M p t i o n  
G b n R o r e F ~  

-hw=F 
EaL R M :  



TxDOT Rock Mass Field Description 

Dale: L / < h f l  
Pace L Ofl! 
code- 

- 

Formation: [=, /& , ~ocatmn: F M 3)7 WIT WS- *ILL &0(l &m 

TxDOT Dirid: MITHIO f2.m ilqr 

Pmf~le Sketch Plan Sketch 

General Exposure Description 

Dimensions and Orientation: , 
Total HeigM (n): 
Lateral Extent (fib: ?a* q.1,- =LC&' 
-&DM WdUl 

U 
W 

Face Odemation: SbkeMip: D d  - S T  / 7 5 -  
catchrnenl Dexaptim: No*IE- . r ear  UP 7- P V - 7  

mr ia  Suppat: N r n L  

Method of Excavation (incl. effects): -7 

Age of Exprmre: Vegelalim Effeds: OX p z ~ .  l&Bh /*I GLW bsi 



TxDOT Rock Mass Field Description 

Summary of Engineering Geologic Data 

Other Smctunl Faaturns 
Feature (Strike \Dip ICmdiUm IPwsiSence I Remarks 

I I 1 

Fam of Slope FdlmKJegdm: *LL,*& ,A! LiFr srgurs &VULI.~G ,tuy 
FRZL ,# /LI . P o  7wvzK F3C -4 ToPLS !I/ h!K@ S T  5 1 7  I 

m*s. 
Debtis: &4++l- 7 0  z ' W ~ D ' &  

- - -  - - - - - 

Avaifable Gwtechnical Data: 



TxDOT Rock Mass Field Description 

Scanline Descriptions Z 

~caiz- ~ocatim (locate on sKch): 
Height above base of cul (H):,a' 
If win me layer, layerthidms p- - 
Lmgmofmnline(H): Rm,eri cf l  L 5. ' 
strike of m i n e  (i dierent fmm face): 

'a 

I 
ow0 M50 1m 

Scanline sketch (indude seepage laatims) 



.F page-of- 
Code 337-/ 

TxDOT Rock Mass Field Description 

Scanline Descriptions 

Vwtical Scanline Number: 
Scanline M m  (showon sketm): 
Height of Scanfine (R): 
L m  of Scanfine(R): 

1 7.u.lr' 
: T . Y - H C -  -.1O -111 

3 - 1  Y 
' 

Scanline Sketch 

157 Mb 
SamplesTaken: N&- 

*'@-tad 

& ; yo-60 

Scanline Information: 



p a 0 s G Q E  
2 7.- L T&T ~ o c k  w meld ~escription -- 

FmMtion: M . 7 W z T / ~  - m: P-/o / M/LZ IJ ,  4 . 4 .  I.(. 

m l a  ~ ~ e h  ~ ~ m s ~ s l d l  

General Exposure Description 

Dimension8 and Orientation: 
TM w (n): 7 0  ' 
L S ~  a l ~ d a  (n): r/.zri 350' 
B m d K % H a i p M \ M d m  



TxWT Rock MOM Field Description 

Summary of Engineering Geologic Data 

- - 

Form d Slops F e ' l w :  kt** sr.eLL~dd-r# f W c  



TxDOT Rock Mass Fbld Description 



h D O T  Rock MPM Field Description 



TxDOT Rock MPM Field Description 
GlsnRoreFommlim 

m e :  
mPLd$ 
C o d s y 0 - l  

LDSL~~D~: % ,;fit A. & R u L L C ~ ~ Z I M .  
#IS7 S / K  E. 

Rdils SMeh P(mSMeh 

General Exposure Description 

Dimsn8ion8 and Oriemtltion: . * 
Pk 19-y 

T d  HdQhi (It): 
msn (It): /W' 

-:Iw wail ;-;LtP v w  GILL?D w / n W s  O~LPIUSI I+  LeZD 
ga* T a m ' /  I N ~ & C W <  I W L  IT IS 

W w s f i  f i  I T 1 5  - 0  & I ; , -  

Fscs OrisntaSon: smsldlp: urn'& * h ' / o ' U  .&'I2 

~~~~: D17rY: 15'- 8h@ /5 '5t . f ;  7 0  C a - r  -- ~1/4 r.3 WCW) 

Mathod of Examtion (incl. sffsctl): nM7 - P f Z L  S P Q 7  



TXDOT  ROC^ ~ s s s  ~ i e ~ d  Description code .LEz!- 
& e , L o r L  

1- 
. - 

r i d a m  a- 

L , a i m G  

~ ~ f i  ~isnict &EL 
GeGiogi~Fannli~ 

- - - - - - -  &d RdSS 
Pmmc SLach -P- 

2. MTUL FLAd . SEV~WL J-mdTl W 
General Exposure Description - 

Dbmnsioas and orkntatbn 

~d*ir(ft) MP) -[w' m~rr) 
Latcr;d Fxtml (fix C 520' v> 
$mSk nrmbcrdlmL L hcight(ftX -*(f9 . 
~ + c  cd&: &dip ( N  9d.d DE &jr @ma& 
m D e s f d p i i o n  MI-& 

* P )  

s*Imrruca: MIL 
Method ofErcantbn (if- &&be bhnr &a%) R/P / 

A g c o f ~  HLtS* [*qrI 

vegetation- t J / k  

I 
8 I n z I - ~ 3 f '  

g 1 LaaR 

- 
Yr*rr*t  

-.- 
I - _ - _ _ _ - - _ - - - - - - - - - - - - - -  

Elcrntiw Skach of Eqxgm (ft) (add date) 
fl= zg 5 .~@/ / rn '  



TkDOT Rock Mass Field Description Code 6%-I 
Pdgc L o r ' ;  

S m m m a q  Geologi= Description 

Bedding Daeriplio~ StrlLddip 

OPC 
tS 

Jayer.1 i- 1 .  g.g- I = I - 
I I I I I 

Form of Wpe Dqp.d.tbn: 

l kDWrCa~td2  T x D O T R s o r d o Z ~  - 



TxDOT Rock Mass Field Dsr.ription Code &?.@I 
4 3 P%e-of- 

SbSclrDip R = i n ( o s b p t o k *  crposallau$~ (ft) 
~=iaomsdqlctomc~ -mmugh- . . coddmraDsed bedmnfiDcd % mmiuuimindcs 

phDlr % T 
dicbl?idcd s 

Rued smdg R 
*eg EsinucdMaksirr(ft) 
govge JointmwfanLtatiDn 
filling t h i c b 5  Diffae~!jalWcathcdng 



P s p s l d 2  
TxDOT Rock Maaa Reld Description code- 
Glen Rore FDnnstion 

Laatm: fa 6 t 6  NlhL LAdZlJy 
TIWIT ~trlrid: kr/rnd 

E 
7 
G ~ d -  
iri 

1 g  - -  

L - 
---.. - -- - - -- 

M I S  Skaeh RaSlrs(rh 

General Exposure Dencription 



TxDOT Rock Mass meld Description 
Glsn Rore FomrstiDn 

Summary of Engineering Geologic Data 

JaIm IhurWm SMmy w T - d G  C I . t r Y ,  Ob*.(7S DR SW W 
Ramelo I s s t w  I smks ( Dip ~ R a p m a r l ~ l P - - I W s s m a l n p [  

Form d slcflm FrilvslDsgadslion: h 1n.4 RAnWY / . - -  q 



TxDOT Rock Maas Field Description 
Gkn Rwe FDmrstion 



TXDQT Rock Mas8 Fleld Description 
Glan Role Fomrstion 

T X D O T D ~ ~ ~ :  6-vs71d 

General Exposure Description 
N 3 5 s  e * 4 i .  

Dimsnrioru and (Xrsntltion: 
Tdal m (n): 22' N 6 0 - &  

L a d  Extad (17): 77 + &, +.1 370' 4 I # * &  

T, Hemi \Mdth 

M- 

-& 
?<,- 
% Id- 

a,-- 
0- -&& 

Osvarion (Rl lmidng 



TxDOT Rock Maan Fleld M p t i o n  
Gbn ROMFDnrYtiQn 

Summary of Engineering Geologic Data 

Fmn d sops Fail-: RLocrL F ~ L L  - ~ T L Y  1A d t M .  T*I~UVL RCOS g 7~ + 
5&/& . S- h l v &  M V Z / /  8U6 

~sbris: / . r ' - z ' &dCs . S.W. S ~ R L L  / ~ @ L I  --a s /ex QZWS 



TxWT Rock Mass Field Description 
GknRorsFomrstion 



TxDOT Rock Mima Field Dewiptlon 
G k n ~ F o m n t i o n  

FrPehre- 
EQ RQD: 64-75- 



TxDOT Rock MPM meld Description cads Z Y ~ -  7 

Glen Roae Fommlion 
Laabbn. Fin 2 4  (a u y s r x t  W( 

TxDOT- $0577~ m &Grid 
% 

A 
N 

- - - 
> 
0 /' 
a 

mls Sk&h FlmsJwWl 

General Exposure 

D i m e ~ i o r u  and Orisnt.Uon: 
Totl HeAdli (R): 1 9 ' w  

F a a  (3ri- s m s l d i p :  t 4 ' L d o k . e  7 S 0 5 5 -  
Wdmmrd osnipcim ~"A~WLZU anre . /g'Ku.+ kbf 
A m I i & m  r - b v z  - 

Method of Gcmtion ( i d .  sffact.): &&r- &US& s m  



TxDOT Rock h4alkss Field Description 
G h  Rors FcHnmbn 

. Summary of Engineering Geologic Data 

Joint Onsrlmn Smmmq 
I I Salk I Dip IRDqmsa ~ ~ l P ~ ~ l ~ I  Rsmslo 1 



TxDOT Rock Wss Field Description 
Gkn RLue FMmstion 

HorimnPl8MllnNunb.r:- 
klmizaw Loce iar~emakatd l ) :  
HdpMebDvebmeda(n):- 
I f w l n m a i s y a , l y a ~ .  
LenDm d sauna (n): 
Sbllrsdsauna(ifmsrsnlfrafpea): 



TxDOT Rock Msns Field Description 
Glen R o s s  FMrmtion 

Scanline Information: 



TxDOT Rock Mass Field Description 
G h  Role Formstion 

TrnTDkbiCt 

Rdile ~ ~ r h  RP~M 

General Exposure Description 

Dimamions Md Orientation: 
Tcw HsipM (fly a/- 2 5' 
Lad Extml (R): 250 5 n r s i r  .r 49 -- Ilnf 
hQG-m m 

FIKaOrlantsMrc ShXsldip' 
CeetMa Dapraon: 
-w w- 

Method of E x a d o n  (incl. sffsctl): 



TxDOT Rock Mass Flsld Description 
Glen Rors Fwmption 

Summary of Engineering Geologic Data 

-md Rindan Jam? 5w c d ~ w y  p L a 3 D,- +w.8 d e y s r w r  d v ~ s f i : ~  .) 
vu.7m- nwrr  *"SJC PocIC-LICI_ rrc-u 



TXDOT Rock MpW) Field Description 
Gkn R o n  Fwrmtion 

Scanline Descriptions 



TxDOT Rock Mass meld Description 
Glen Rosa F m m b n  

Scanline Descriptions 



TXDOT Rock Mass Field Deacriptlon 
Glen Ross Formation 

,s..-- 

Z /  ha.' 
General Exposure Description , - ,d ' 

' I  
Dimensions and Orimhtim~: 

W mtz 81. - 
FecsmaPatim m p :  q4*f%@rr~&icp. N B9E &- ,;/ ,+-, N 70'~ 6 - 
CadllMa Desaipam: -:DNL.Y 6 7 $ - & ~ 4 * ) ~  [w* *he; -- M a e .  

u@,o 



TxDOT Rock Ma88 Field Description 
Glen Rore Fonn+tion 

Sumnuuy of Engineering Geolbgic Data 

- - 7 ,  . - . -. 
Active -: 

-7d B SLa 

AvaiWe GedkhicPI Date: .' . ' %  ! .,. 

Fmn d slop Fa-Cn: 5 4 U  &&&5 k/dfi Jo/fl / / T ~ ~ d S ,  
U H D i y * r H / X E  h7 -1 L A Y U  . CJR ~ ~ ~ b l k . r r  b%& 



TxDOT Rock Mass Field Description 
Glen Rose Fmmalion 

Scanline Descriptions 



TxDOT Rock MBss Field Description 
GknRDsqFonnstion 



me: 5 / / ~ / 9 C  
- .  P.&dY 

TXDOT ~ o c k  M ~ M  ~ l e ~ d  ~ p t i o n  ,cads- 
G h  Rose Fwrmtion - 7 ., 

m. U . G  ~~~k#c&cFcrBcLp  w w  
T x D O T W  W A n r r l r o  IN 0-36rm CD. 

- 

- 
=Id 
3 D 

a .  
i i 

- 

m e  s m  Rslsm 

General Exposure Description 

Dimemiom and IXtmmtion: 

- - 

A p e d  Epw.n: %-q?& VOW3kn EfhUs: D M a S d  WSD /S&W C- 

rmav*c Hlu - 
-I 1 

+p.. Leu. 
. +-.F+w-) 

-. .- /-- .- 
\ - 

iii \ - h- - 1 ,  b r i  



TxDOT Rock Mass Reld Description 
Gkn Rore Flxwubn 

Summary of Engineering Geologic Data 



TxMlT Rock Mass Field Description 
Glen Rosa FomrPtw 



TxWT Rock Msrs Field De8criptlon 
Gkn Rose Fnmmiion 



TX'DOT Rock Mass Field Description C-- 

I I 
RdYss~a (d luG  s RBlSleW 

General Exposure Description 

Method of ExaMtim (incl. sflbct.): 

- 
w-__ 

... 
- iL : .  ' - , - ., 

.' 
- 4 -i& BUM SILL I 





TxDOT Rock Miis8 Field Description 

n-mi m l i n  ~rnba:L 
naimw kcam kc om^): hrrd s-refL 
~sipm above bea d at (n):& 
If wln w tpvs, layer-: 
Lsnomdscwim(n): 2bo' (7 
Sbikn d d i m  (n dlffasnt fmn facs): 



TxDOT Rock Mas8 Field Description 

Scanline Descriptions 



TxDOT Rock MPM Fleld Description 
P a p e L d  

Fommlbm GLTJ a< 
-hLkL3 -- 

Location: K C . ~  S->W 
T ~ T ~  5.w WZIU P/I/FR t,, em(Lw- 

A-L~- 

FlalSlrstch 

General Expnsure Description 

Dlmmsioru and OrienbUm: 



TxDOT Rock Mass Field Description 

Summary of Engineering Geologic Data 



TxDOT Rock Mass Field Description 

Swl lne Descriptions 



TxDOT Rock Mass Field Deswlption 

Scanllne Description8 

vemd-Hmba: 
Scarliw lD,mal(~rn -1: 
~apht d szmw (n): 
Lsngm d Smmqfl): 

ScPnlirn Informanon: 



TxDOT Rock Mass Fleld bscription 

Prdila Skstrh LICG... 
RBlskaw 

e m 
General Exposure Description \ ! ./ 

Dlmemiom and Orianbtion: 
Tdd wghl (n): 
L a d  Edat (n): 

33' 
//aD' *b=l 

~ w e m  \Mdm 
17a 



TxDOT Rock Mass Field Deecription 

Summaty of Engineering Geologic Data 



TxDOT Rock Maan Field Description 
..o.IdL -a 

Scanline Dascriptlons 
I W o r h m m a l 8 M U n M ~ -  

HarmntslLoCsllpln~e~.m~~~~): r n Y / G - W  
Haipm hre d a4 (ft):x 
a*mw.w-. 
m @ d d ~ n ~ ( n ) :  / / m f  
Sbib d  &hm (t af faanc  han face): 

I : !  I I-71 I I L I  fJ 



TxDOT Rock Mass Fleld Deacriptlon 

Scanllne Descriptions 

VarticslScslinaHmba: 
mino Locstlm ( m m  ske4~41): 
HsiaM d Sclnline (R): 
~amh d s a n w n ) :  

s e r d i i  Sk&& 

d,s7#.7> -flm1- 

90-I@ 

Sanlim Infamation: 



TXDOT Rock Mafia Field Deacriptlon 

mls SkaW PlPnSMrh 

General Exposure Description 



TxDOT Rock Ma88 Field Description 

Summary of Engineering Geologlc Data 



TXDOT Rock Ma88 Field Description 

Scanline Descriptions 

I .......................................................... 
nun - r r m  



T x M T  Rock Mpss Field M p t l o n  

Scanline Descriptlo~ 

VaMScPlPmHmbs:  
SwlinsLocllm(showm~): 
mdSe&m(n ) :  
Lamb d smmm): 

Scsllimamdl 
HbY 

snw 
gEihtJ0 pr# 

& ' 
.r 49-60 

Scmlim Information: 



TxDOT Rock Mass Fwd M w o n  

m l e  Skshh RBlSkmh 

General Exposure Description , 
Dimeruioiu and Orientation: 

TcU Hei@ll (n): 3' 
La& Exisl* (n): .2 m; = l o c o ' s  

Hdom wfml 
I I 

W 
FPCS orimldom ~ t r k a ~ i p :  N ; O W  , vM/G . Z e W - ~ s ~ L P Y e e <  
CswMDtaeri- mh ~f 6 . 0 . P .  - N O  SIIT- L ~ ' m y ~ 5 f i Q q  
AnmciPlYlppat: N P N C  

Method of Gunt ion  (ind. sffact.): 3L15.7. Y%?/ Rov(d sLWL, NO 

5 6 7  hU7C 0 6SWZJZB 

Agsdm==n: VWOWJI mkh: L O ~ S  A= 84W i TREES irl 



TXDOT-~ock mas m i d  Description 

Summary of Enginwring Geologic Data 



TxwT Rock Mass Field Description 

p . g + ~ d L  
Code ~ n r - 2  

Scanline Descriptions 



TxDOT Rock M;lscl Field Description 

Scanline Descriptions 

Scanline Information: 



P e s a L M f  
TxDOT Rock Mass Field Description cme-r 
Glen Ross Famatien 

-. E-,o FzA%wu4 e=u,wLwcw-Rd 
T r n T  D W  4pa ~~ mf a of ~r 289 (-1 

K W R L C  a. 
\ 

I I 
Rdil0 Sketch Fim Skam 

General Exposure Description 

Dlmenaian8 and Orientstion: 
Tad Hciem (El: 21' 
L a t d  Msm (E): <*U.%-= 

H a i p m P k n h  



~ a g s - z L /  
Code f lo -3 

TxDOT Rock Ma= Field Description 
Glen Rosa FMrmtiw, 

Summnry of Engineering Geologic Data 

Baddinp Dsscriptian: 4 ldf f l :  3'nr  k.14, Urh&?y, 3 'MU, 6 " d L Y ,  $ 4 / ~ 0  u h /  
U . ' M - ! Y ,  3 , n . u .  J ' V C  

FmdS(o(a Fril-m: BOCK FPCL / A /  9- ai iovL r)& 70 
7 .34r / l r  = t r ~ r f i s ,  ~ m n m  O H +  5 % ~ -  -> CYN-OL. s-. 
m n &  S f A L L W L / M r [ L ! n t C  ay,ZAeyg 

Dsbis: ? YP/& F/Ni_ 'TP-~S ow 1' - 3 0L.eXr : I++.L F+(CLf J 7 0  

1 2 /  FLOW F i r 5  

Available Gadsdrical Date: 



TxDOT Rock Mass Field Description 
GknRolaF#mrtiw, 



TxMlT Rock Maan Field Description 
Glen Rore Famvtion 

F- w. 
M R M :  be -7C /F t m M L  /s RZCaYULZb 

M i n e  SlrsW 

Scanline Infwmalion: 



PaoeldA 
TxDOT Rock Mass Fkld Description -&!&&I 
FormPtion: 6;LW R m G  

Lo- 6 2722 r j - r i  FmZL73 4.3 
T~DOTDlrtrld: S&mvrW,o 

m l e  S M  U b  "A R B I S M  

General Exposure Description 

Dimeluioru and Orientalion: 
TM Hem (n): 61 ' 
~ e ( ~ d  E X I ~  (n): 83u?.Y' = 3C0' 
~ ' ~ g !  ." -?  3 

~atchmsnt mplirn: 5 r - r  asc~c 36'- W 
AltnkaSuppoll: N O U t  

Method of Excavation (inci. sffectl): R&7-, n r w c  W-?S+ L 3 Y 4  



TxDOT Rock Mess Fbid Description 

Sum- of Engineering Geologic Data 

JM D.raiption ~umrpy 
- I P ~ R K a I ~ I  I sax  I sme I ED Ikm= lsspssbav 



TxDOT Rock Mass Field Description 



TxDOT Rock Mass Field Description 

Summary of Engineering Geologic Data 



TxDOT Rock Mass Field Description 

Scanline Descriptions 

Deb*; Dcscriplion 



TxWT Rock Mass Field Description 

Scanline Descriptions 

R l o l o ~  
No. l Desaiptim 
5 1 P M & a  



oas: 91'/-'Pd 
TxDOT Rock MBSE Field Description 

~G 
cuk2/P-/ 

GknRcu4Famrtion f r&,j.-rtncr 
Locstm. r - 1 0  /P)~~TUG,.MB '~DZ) 

LMJ /WInJIO TIIWTDtWet: k d  CL. oFS(~.I~/~W&WLLL\ 

r 

General Exposure Description 



TxDOT Rock Mass Reid Description 
Gbn Rors Formstion 

Summary of Engineering Geologic Data 



TxDOT Rock Mass Field Description 
Glen R o n  FOmPtiOn 

Scanline Descriptions 



TxDOT Rock Mass Field Description 
Glen Rose Famaiim 

Scanline Descriptions 

vabtal-Hmba: 
scam0 bwal (shavmricdch): 
neid~~ cl s . m b ~ ~  (n): 
~rsnpm d w n ) :  9-13 BRO" @ znl &OcJ\ 

1 
p,q pPUL LCL L i J  

pl5 fl 5ET M r I  

p [ b  r 5 r r  no,) 

6 7  o&tau, LG sw 
f'le W T  3.;0 

- - .  
M R m  

W i n s  Skaeh 



TxM3T Rock Maas Field DescrlpUon 

Rdile S M r h  FimSlsteh 

General Exposum Description 



TxDOT Rock Mass Field Description 
Glen Ross Fommiim 

Sum- of Engineering Geologic Dptp 
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TxDOT Rock Mass Field Description 
Glen Ross Fomvtion 

mL% Cads- 

W l S  SksM, FimslKm 

General Exposure Description 

Olmensiona and Orisnation: 

L I  

U 
W 

Faca Odsntstim: Smslbip: N70.U b C1 bDc€ , ble.-12./?8'-dey 

a m m  harriplim: ClLOLLPI -cSD UTCII, F6cL a' - 
M S U p p d '  KmY, 

aD 

Method of Excavation (incl. effects): z ~ r  



TxDOT Rock Mesa Field M p t i o n  
Gkn Rors Fwmntion 

Summary of Engineering Geologic Data 

A W s U l o ( s c h i d  Data: 



TxMlT Rock h b s  Fleld Deswrptfon 
GknRoreFomPtion 

Scanline Descriptiom 



TxDOT Rock hbss Field Description 
Glen Rose Formotion 

FredusfKwl=Y: 
UL RQD: 7 s -  ?O 



TxDOT Rock Mass Field Description 
RmatioK Fi-,TtaR-ry 

Date: 6 / 3 , k r  
P B e e L d _ f r  
Codez-/ 4 -7 

Brdile Skem PlanSkem 

Genml Exposure Description 

Dimensions and Orientrtion: 
Total ~eigm (ft): B' 
Letecel Ejdenl (ft): 
Benches: Height VHdth 

L l  
u 
L3 

Face Orisncstion: ~hkaldip: N 6o'lJ /KO AI 9 
~meniDssaiptiar: f - 3 ' 7 = ~  , J  c'i7 &&C I< 35 a 8 5  ~ , b  
ArtmcialSuppat: 

Method of Excavation (incl. -): B L m 7  N&L 

AkWdGF-Ue: Vsostatian Effects: - 



TXDOT  ROC^  ass ~ i e ~ d  Description ?I 
Summary of Engineering Geologic Data @-% 

Jdnt lkraiptim S m  
I Set# 1 Sbike I Dip 1Raghness 1 P - m  l-~l I 

Rsmerk I 

Fam of Slope FaiiuslDegredation: k ' d  



TxDOT Rock Mass Field Description 

Scanline Descriptions 

I 
Debris Oesaiptim 

I 



TxDOT Rock Mass Field Description 

Scanline Descriptions 

Scanline Sketch 
SpmplesTaken: Iran'?+ 

457 4 0  
7 5  - BS' 



TxDOT Rock Mu. Field Description 
Fomrstion: FT, -7-r SvU. 4w Ross 

M e :  _L/3/?f 
P B o e L o f L  
Code T-rn -p 

Dimensions and Orientation: 
Tatal HergM (tt): - 1  
UsraiEjdent(tt): z % * q . ~ r =  / 0 2 s t  

HeiOht W M h  . . 



DOT Rock Mass Field Derrcription 

Summary of Engineering Geologic Data 
9frW.s 

able Gsd#hnical Data: 



TxDOT Rock Mass Field Description 

Scanline Deswiptions 

. - 

n w i n a # i a y e r , ~ a y a ~ -  
Lm@h d sGBlline (fl): 2 3 5' 
Strlke d sanline (ii diffmmt frun fam): 5 M 6  



~ a g e L d 5  
Code r - lo -A 

TxDOT Rock Mass Field Description 

Scanline Descriptions 

Scanline Skatch 
Sam 

Scanline Information: 

C a d n  
6.m IRA I+c~ 1- 1- IRA 

I I I I 1 I I 



Dimensions and Orientation: 
Tatal Hsigtrt (ff): %- 25 '  
~steral went (n): /too' 

W H d e M  WJu, 
L1 
L2 
I .I 



peee-&fA -. 
Code _c-t.e7 

TxDOT Rock Mas Field Descripbion 

Summary of Engineering Geologic Data 

0 t h . r S t n r c t u n l ~  
[~eahre Istrike lDip 1Caditim lpenisleme 1 Remarks I 

OcEasiaral Radan Joirds? NIP- 

Fam d Slope FailuslDegradetian: INOR S P ? L f  46 

Available Gsatechrrical Dab: 



TxDOT Rock Mass Field Description 

H ~ ~ N u m k r : -  
Haimnal Loceticn ( loas an sketch): 
Hai@t Pbove base d a* (ft): - 
Ifmanakyer,LaysrIfldmsss: 
Lmdh d seaJim (ft): 
SMke d sardine (if ctlffonmt fran face): 



TxDOT Rock Mass Field Description 



Da,,: C / 9 / 9 ~  

TxmT Rock M.g Field Description P B g B L U f *  
code Y/-/ 

Fomatbn: W 4  lwrdt[-) 
~ v W 2 . q  Losetbn: 3. 4 Sd. 27 c F & W X V J f U L  

TmTMttrid: S w  &row0 

2 
N 

- 
> Q 

z 

Pmfile Sketch PlelSksteh 

General Goosure Description 

Dimemiom and Orlenbtlen: 
TW  em (n): u 34275'k 
mm (n): 25Lu q 7 ~  = / H U  ' 
-Heiom Wmh 

I d  



TxDOT Rock Mass Field Description 

o ( h . r ~ ~  

Feehre P~~ Remaks Strike Dip Cartition 



TXDOT ~ o c k  ~ u .  Dacription 

Scanline Descriptions 



FawVd J 
Code 4)-/ 

TxDOT Rock Mass Field Description 

Scanline Descriptions 

vaticlJScPnlhw,Nunba. I 
~cd~ne~oeatiar(-or~sks~): L r r W  6 ~ ~ r / ; r / r * l  b -5  
Hsiem d Sanline (ft): 
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Scanline Sketch 
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TxDOT Rock Mass Field Dgcriptfon 
FonrrPbion: hr*y 

Dirnenriom and Orientation: 
Totel HeigM (fl): Co' 
LatWUsnl(fl): t / ~ m / c k  - - 26a0 ' 

4.1 
L2 
W 



TxDOT Rock Mass Field Description 

Summary of Engineering Geologic Data 

Form of Slope Failumhgdalian: vS4v Y+Ry mlnd) , SPRLL/4h 

Aveilcltrle ~ e d m i c a l  Dma: 



TxDOT Rock Marw Field Description 

Scanline Descriptions 

~ e e e 3 d i  
Code 187 - f 

Horhmal Stu\lilw Nunkr: - u"T QzeFbw 
Haimdal Loealim (locate on &MI): 
Height abave bese d ad (R):- 
~f win one kpr, layer thickness: 
Length d scanline (R): 
Sbike of tcenlina (if Wfafe~W from face): 



TxDOT Rock Mass Field Description 

j_ scmiine Sketch 

Phdo Listing 
No. DeJeription 
IY P f w  /PG s 
IS P* /!&c AJ 
lk PAd LC& *) 



TxWT Rock ~ S S  Field Description 
Fomration: LmT /& , ,  , 

- -- 
an-1 Exposure Description 

Dim-0~ and Orientation: 
TOW HOQM (n): I., / 





TxDOT Rock Mass Field Description 



TxDOT Rock Mass Field Description 

Scanline Descriptions 

Phdo Listing 
No. I 

3- 1 
Descriptian I 

Sunline Information: 



TxDOT Rock Mass Field Description 
FormPtion: 

Dimemiom and Orientation: 
Tdei HsigM (R): d S ' t  
~atasl ~xtm (R): /rlr v %~r#  630 '  

HeiW MAdm 
L1 
u 
W 



TxDOT Rock Mass Field Description 

Summary of Engineering Geologic Data 

OcesPiarel Random JaiM YZS. OH W ~ Q  ~b Lsc*trl 8' 7#~nC c ~ Y ~ L  OfP,  ~~~'~ /9a0 
+ ~ R u R I ( z ~ ~ L u L + ~ = W  127'T*59&31)6) 

O m e r S t r u c t u r t F ~  

Form d Slops Fail-: ~~ r r /pAu M B  BZDS, ).l tdH- ILCfLLLIUb 
S r r ' L  w, A & p  7 / I '  ) r+brr &AA 4'- 13Sb 

Debris: L T )  I' &% sf+(G f u W W  r+lC19rH57 74. M w  
TI mf. bEW w r v s " - Y .  

Remarks Persistence Feahre Strike Mp 



TxDOT Rock &lass Field Dgviption 

Scanline Descriptions 

~ e o e ~ d L j  
Code 337-2, 

C 

- 

O*oO DeX, 
I 

1- 
m i n e  Sketch (indude m e  I-) 

I 
Debris Deaaipiion 1 



TxWT Rock A(rp- Field Description 

Scanline Descriptions 

PMo Listing 
No. I m p t i c n  

I I 





TxDOT Rock Mass Fieid Description 

Summary of Engineering Geologic Data 

Joint D.rcrfptlon Smmwy 
I Sd# 1 Sbiks I Dip 1Rarghnes ISepantiaJIP-rn (w"Q( Remerk I 

Available Gealsehrical Data: 



TxDOT Rock Mass Field Description 

Scanline Descriptions 

Harlzontrl Sunllm Numkr: - ~ P T  e d F b t x 0  

Haizontel Locetion (k~cme ans&etch): TMTZ & S + / L ~ ~ ~  
HeiOtltabovebssedad(fl):- 
If winone layer, l a y a r t h i m :  

I & L @ J L Y  f J  

Leneth d scdine (fl): 
gv'teL-Irdh t ~ j  

Strike d seanlinc c i  masnt fmm facs): 

I I 



TxDOT Rock Mass Field Description 

vatieal Scenl i  Nunba. 
M i n e  b c d a l  (showonsksteh): 
Heipm Or M i n s  (ft): 
Larp(h c# Mins(fl):  

I I I 
M i n e  Sketch 



TxDOT Rock H.+. Field Description 
Formation: 

Date: 6/1* 

 LO^& 
--a%. 

-: 5% 241 H. L)c Fm 0) /rl 
TdXlTDMct mJtkd/o & fWlA4- Clo. s"y6' # ~4 

L ~ N S  

/PI- 

S - > 

9\1 - to' 4~~ / - - - - - - 
l'hl Skstch 

e n m l  Gporrure Description 

Dimensionr and Orientation: 
Totpl Heim (ft): 32 ' 

e T u f &  -I/* =/w' 
1s'- 17 

' 

J2 1% 
W 

Face Chientetiar: m p :  N$S*!! , /6 ' U Y %,d (?Y *DIP) 
Cakhment Description: 
ArWicialSrrppat: . 5+'+rqLu - - D ' w .  

t 3 ' ~ a ,  7-E w(s*"bR) 
N d L  

M . h d  of Excamtion (inct. effectr): 7 So7rC s 
o*l4w=* 

~d~ Vsostetion Effsds: WM3, 

- - 
- 
- s - 

> 
0 - 
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- 

owetian (ft) lo old^ & 



TxDOT Rock Mass Field Description 

Summary of Engineering Geologic Data 

seperetionl p-- RmmkB 
Filling 

I I 

O t h s r m ~ U ~ W  F m  
Feahre (Strike (Dip 1CaXtiljOtl (P0Cjistence I RenWkS 

I I I I I 



TxDOT Rock Mass Field Description 
p e e e ~ d &  

Code a/- b 

Scanline Descriptions 

Horkonml Sunllm Nun& - 
Horizmw~(locelealskstch):  
HsiqMabovebsssbad(ft):- 
ffvvlnanelaysr.Icysrthldmsss: 
LutgU~ of d i n e  (fl): 
Slriks of seenline (ii different frcm f a ) :  



TxDOT Rock Mass Field M p t i o n  



PlanSksteh 

~~~1 Eqmsure Description 
Dimensions and Orient.don: 

1- HsigSlt (R): 
Extant (R)- 

% 54' 
- 5 S r ; k ~  t -:=& \Mdth 

L1 w 15- zo 
U / @  ZP-zr 

WL 
Fag orienta~on: m p :  H s s ' c  . ISLNIW< / 7 s ' w )  
-mDsserim: L ,  , 
ArWidelSupW: 

. *=e a=++,, .L ' Fkh; 7'3 L 7- GOP 
W W Z  

kw of ~cmmt i rn  (inci. *hsb): D M  7-f may s w + ,  ,,, 
-74. csrrc u @"'# 

AgedErrraprr. x VeOstetionUfeds: NorcZ 
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TxDOT Rock Mass Field Description 

Summary of Engineering Geologic Data 

Bsddim Dascriptiar: 2 @ 5-1 3'w~sol puea Oy 13' CF %%nL w ~ m u a  LS W)E*L-JS SILT 

#M.p VU66Y L&JFYU /~rprh.P7~ L W S f  =/& 

- : *& mu, M%. Z S M S S .  Fmn d Slope Fail- 
M * ~ L  eLOCCL W M O  s u g s r ~ a ~  NWI* cr, 3177- 

OLhrrrnctunlh.MI. 

Debris: m: 0 8 ~ ~  7 0  3' kLkb!S ( W W ~ )  L*J 4E*IC# 
WlDYt 5 N f l U W S  R M C  6"- ?'& &EL;/C 
b M ,  ': v. L m  yh4t.L t .LM, UCC ! 3 k <  (c I ') 

A l l a i n t m  Record: 

Aveilable Geotschrical Data: 

Remarks Condition Dip F ~ ~ ~ I J E  PersistenCa Sbib 



TxDOT Rock Mass Field Description 
~ a e e 3 o f L  
code z r r  - Z 

Scanline Descriptions 

Harhont.lSsmuM N u n k -  
H a i m n t e l ~ ( l o c e t e o n s k a d l ) :  
HsiOMebovebPutdcut(ft):- 
t f n A n a n , ~ , l e y s r W ~ :  
Length d Jcanlina (it): 
Sbib of d i n e  (if different from face): 

I 
O+ao 

I 
Ot50 1- 

Scenline Skatd~ (irrduda ssepgOe locations) 

I I 
Debris Dsseription 



TXDOT ~ o c k  ~ p s s  ~ i e ~ d  Description 

Scanline Information: 



TxDOT Rock Mass Field Description 
Formetiwr: 

Locatbn: 9b+ z / /  &,'S-l+ &= 
TailOTDisbld: ~ M & % ~ I / o  s* / L  

s - 
> 0 

iil 

- 
hlile Skslch PlanSksteh 

General Exposure Description 

Dimemiom and Orientation: 
T W  HeigM (ft): /m ' 
L a t a  Extent (ft): lq60 f 
m S H e 4 W  wkm~ r u s c i ~  5-, RLm7 L1 O m7-- 

L2 

~ e t h o d  of Excavation (incil 

ElOValim (ft) IookinQ - 4 -1 



W e :  W101I# 
~ a p e : ' k ~ ~ z * C s  
Cade: 211-3 

%OPE I: 22 R MQh; 15-17 bendr 
Top r0 4 hard bed, 5 hard bed, 61' crystlllliw bsds, 7' hPd bed. (dl sligMfy 

npW) 
M. Nom 
-. 1 sat N55E. SSE, dip eney frm, CU. 115 tM SPBEjnO, 

1satNwE.BoNyv,dipinloc4 llStMspedng,somecondtion 

----- 

F&: m i n * b l o d c f a l i ~ ~ i n t a s s e t l o n e l t q , d s k p s , ~ r a v s l i n ~  
Jdrts. rn sets: N45E. BQMN. 23' tnrs sladnp, 

N40E. 55~~, .51 '  tnrs +ng, same amditian 

SLOPE 3: 2LT high. 15-18' beneh 
Top t4 Bbtom. One O n s e  +line (poreelainic bed) 

v.lWs 
FeYus: m i n a b l o e i r a t j l . ~ ~  
3aifs: sets: NlOE, S E ,  dips inlo crd, 4U spadm 

N70E, W, dips inh, ad. 26' true spadm 
B a t h s e t s ~ 1 y ~ ~ u p ~ 2 5 m m s s p a r e t i a r ~ p a t l a r s d s a n e  
jdncS, very mtqh, stained, ~ n d  entim tldd~! d 3.50% filled mith 
tine gr&ned dl. 

Whigh,20'-2SHidebeneh 
Top to Bdtcm: S. 4'. 4, had erys. beds (sl. npw), fdlonred by T d 1'-Z highly 

fraehrsdhadbsds 
mbrk v. little. spaadic 2' blodc 
WM: Nom m o d .  homnrer, loose blodo observed al top d skpe (23 block 

sire). 
SEE SCANUNE FOR JOlNflNG JNFORMATION 

SLOPE 1:ThiOh 
Top to B&am 7 of 1'4' had highly fnrdved beds f d h m d  bv 1U d ~-2/softer 



TxWT Rock Mass Field Description 

Summary of Engineering Geologic Data 

Joint D.#rlptkn &nmuy 
I s a w  I Sb'lke 1 Dip IRauOhnssr P3appraticnl ~P~~ l-ngl I 

Feeorfe Sbike (Dip ICond&m . . Persislen~e 1 Remalo 
/ \  I I I 

/ I 

Oa;raianel Random Joints? 

Bedding Dmuiption: $2 L P, t 



TxDOT Rock Wm Field Description 

Scanline Descriptions \ I :  .' 

~#taontrlscmtlrwnunbw:I 

Wghtobave b m e d d ( f t ) : L  
lfnllnane~,Layathickrass: . 
LuuJlhd~m(tl): #a' 
Strike or scenli (if - fran -1: 

IT)-Lw I ! '  
Wll 



TxDOT Rock Ma88 Field Description 

Scanline Descriptions 

P a o e S d Z  
Code 211-3 

L I 

G'f 
Scanline Sketch 

Smnples Taken: 
mbi !a -7f 



TxDOT Rock Mass Field Description 

General Expure  Description 

Dimensions and Orientation: 

L3 
F~Orientat i~n:  Strkddip: ~ d ~ 0 s - p  -7DYl tv.6 d wb ~ ~ ~ ' c , z o M ~ <  
CatehmentDeseription: U B & .  J O T  m.? 25'- S ~ / P  
AsliRcial Suppat: &mrL 

lllbthod of Excavation (incl. effects): 



TxDOT Rock Mass Field Description 

Summary of Engineering Geologic Data 

Joint Dmcrlptlon sumnay 
I Set# I S"U. I Dip p x g h m s  pepaaiwlP&rsl-l Remark I 

aherS(nrctuml FmtumS 
Feah+e Isbike (Dip IComirMn . . I P a r s i s t ~  1 Remarks 

I I I I I 1 

Radom Joints? 775 b% &j FW?i-p 

n a7. - ~sdding~escriplian: w ~ t c / t  6' 
&to, mas- 

AvaiWe & U m  Data: 



TXDOT Rock Mass Field Description 

Scanline Descriptions 

Horloont.I Sanlin N m h  I 
Ha*onglbzaon(kcateonJlrs(h): Wr/ -aW 
Heidtt atwe bese d art (R): 

C ~f v&n one laysr, ~~ 
Lmglh d seenHns (ft): W ~ l e r  &w 
Sbike d seenline (if diffsrant fmrn faes): 



TxDOT Rock Matts Field Description 

Sclnline Descriptions 

VaticalSGanlinsNunba: 
Scanrim Coeetion (st#nrm smch): 
Height d SceJfne (R): 
Lsnath c4 Samline(R): 

pq w 
/-u. 3 e 1 ,---- *=- 

*u 1 

Scanline Sketd~ 

p7 U P  Samples Taken: N#m 

co - 70 

Scanline Infonnation: 



TxDOT Rock Mass Field Description 

General Exposure Description 

Wmcnriona and Orientation: , I 

Totel HbiqM (A): 30 -35 

went& 

G 4 3 F - 5 6 5 '  

I 4  

Method of E x d o n  (incl. aftsctl): qlPsr - %b7& bM,L 



TxDOT Rock Mass Field Description 

Summary of Engineering Geologic Data 

Jdnt Dmcmbn summvy 
1 I ~~ 1 Dip IRarphness Isaptmwvl~as*tsncs~~aolhsrin~t 1 

Available OealdWad Dsta: 



TxDOT Rock Mass Field Description 

p e g e 3 0 f f t  
Code I = - 2  

Scanline Descriptions 

Horizontal Sanllno ~unb.r: 1 
~ ~ ( l o e B s m s k e t c h ) :  W r L 3  Gcrr ff=r 
H s $ M W e  bese da~t(n):-~ 
If wtin one laysr, lsyer thidms: 
~ength or s ean~ns  (n): i w ~ e c u r t .  
M k e  of seanline (ii diffsrsnt fmm face): 

I I 
0+00 Dc50 1- 

Scanline Sksteh (idude seepage locstiaa) 



TxWT Rock Mass Field Description 

Scanline Descriptions 



me: 4 6 JhJc v 
Paoe I_ 

TxDOT Rock Maam Field Description coda I ~ J - /  

Formation: WbuMaf 
Lowmil: 5, f .  1 73  EJ. # khdw /mrn/*.t e n  

TxDoTMstrid: 5w M W l O  Ju RDWPY &=- *a 

General Exposure Description 

Dimension8 and Orientation: 
1- Height (R): 40 '  

meral Extm (R): *" r'. 3b & a o l  =w' 
: Heiom = 

L1 ~1. S I & I ( I H M  W LF PerC' mr*rr * 
I2 . - a - r a a r c p u u t ~ ~ 3 ,  a cr- h~bu[+.-44 

Msthod of Excavrtion (incl. effem: s w  Su7 Su-CL '5 -*, 
"C 5- M z ~  &sw*. * I 7  S M u  MLL wv 

Age d Exposrrs: Vegaotian Effects: O& . V m , ,  7-J 
+ W C  FIUM VdjO f 



TxDOT Rock Mass Field Description 

Summary of Engineering Geologic Data 

Bedding Dsscripticn: 3 / 70 m b 5 W t r  %b W S  (AUBW V J ~ ( ' !  w) rQR? 
H..+MLy FLK7YCCv &Wr3/7/E/b gLsy9 -0~4 % 
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M r h t m  Record: 



TxDOT Rock Mass Fieid Description 

Scrrniine Descriptions e-5 
N M L  -. DISC% "W-W &7 R S ~  

HorbontllSunltm Nunkr:- C C J F I N ~ P ) .  m ECC*LLY 
Haimntal- (locate on ?rksteh): 
HsiOtrtabove bsredcrrt(ft):- v d .  

If win a# layer, ~eya mcmesj: 
Length d scenline (fl): 
Strike d d i m  (ii Btfersnt fmm face): 



t xM lT  Rock Ma8s Field Description 

Scanline Descriptions 

Scanline Information: 
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TxDOT Rock Mass Field Description 
- & o f 4  
Code =-to-z - *~S+ZT 

IrrJlrian: 2-10 RA- Bavrlb . I .  rc~ cy e#- 
T W T  Msbid: h m ~ b r l ~ o  # 

- - - 
> 0 

EI 

General Exposure Description 

Dimensions and Orionlation: 

Face orisntatk: Strkstdip: /J@W. 76.d , 

catchma Desenptim: /L, h ,wf, L' P ~ T W  .+r 7042 

Artifidolsuppat: M075C 

Method of Exavrtion (incl. affects): 

v- Effects: &wq, X w r r ,  c53gcs.- 
Gaw,rJd, 

cy dF -PI== 



TxDOT Rock Masrr Field Description 
Glen Rors Fomvtion 

Summary of Engineering Geologic Data 

onlef Sbucbrrl Fllturrr: 
Featue !Strike Dip Condim PaistenceI Ramerlcs 1 

I I 

Bedding D6sai@m: W 4 v  W 6 / r i r :  YPPM / D  ' / S  4 " - 1  " R i 3 5 ,  O ~ U * C / ~ ~ W / C O & U J \  
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r/ ) *  -!'37pPt9>,'CAL 

Dsbris: w L/=LC /&XLL 5/hf) 



. TxDOT Rock Mass Fieid Description 
Glen Rose Formation 

Length d d i n e  (A): 
Strike of d i n e  [if diffemtt frun face): 

I I 
Debris DesQiption 





TxDOT Rock Mass Field Description Code s-/ 
- e l o f - $ L  

- - - - - - -  
Prof11e Sketch P h M a p  Sketch 

Field hw: MJ&: BEM 
RSd  

mte: 7 / / 3 / 5 t /  

hation: ~ E R S  ~dLmcjIb4 
TXDOT District Sw A u r o ~ J  

Geologic Formation: a 

General Exposure Description 
Dimensions and Orientation 

Total height (ft) K O  

~ataal a t  (ft): 2 1-0 ' 
Benches: number of levels: A height (ft): width (ft) 
Face aientation: &eldip hl Y f  E 

Catchent~escri&on. Drrccc w) = 1s' d r b e  

SupportImaUed: - C ~ S T - J Z N - P L A ~ F  UCLL A r  Bsrbr A&Cmwr 
Method of Excavation (if blasted, descrii blast effects) B u s n b  3' 0. c, 

SOMG F ~ ? ~ L I w ( -  4~ &-CASTS A C L D M P ~ F J Z E B  8 Y  50s- 
PAQALLCL X-U=AJC. - 7 . 0 ~  r d r v  S L D P C  

~ g e  of~arposnre 4 
Vegetation Effects NOAI E 

Elevation Sketch of Exposure (ft) (add scale) 
(L-k=n+ en,,) 



TxDOT Rock Mass Field Description Code gd/ 
P a g e Z G y -  

Summary Geologic Description 

Bedding Description: Strikeldip: 

3 I ro' r*ln S S Z ~ E  

. z  I %' 
8b-w / .B' \f W A S S Z V E  I u 

Joint Description Smnrnar?; 

Joint Set St&e Dip Condition Persistence 

I 

Major S6nctnral Featru-es 

Feature Strike Dip Condition Persistence Remarks 

I 

Geotechnical Data (core available, site investigation report?): 

Form of Slope Degradation: 

TxDOT Contact: T-OT Record of Maintenance: - 



TxDOT Rock Mass Field Description Code 5-1 
Page 3 of 

Scanline Descriptions 

Horizontal ScanliPe Number: - 
Horizontal a t i o n  (key into profde sketch and elevation sketch): 

Height above base of cut (ft): 
If within one layer, layer thickness (ft): - 
Len,@ of scanline (ft): 
Slrike of scanline: 

Scanhe Sketch (stationing in ft, include seepage locations) 
, 

1 5n.4// ~ / ~ ~ / . r  ,& c / , i c ~  

Debris Description 

Scanline Information: 

Description Keys: 

Strike or Dip: R = into slope to the right 
L = into tbe slope to the left 

Condition: Closed rough 
undulating 
planar 
slickensided 

Frlled 
clarev 
gouge 
filling thickness 

Persistence exposed le%& (ft) 
continuous through outcrop 
bed-confined 
termination index: 

T 
S 
R 

Debris: Estimated block size (ft) 
Joint or blast formation 
Differential Weathe& 



TxDOT Rock Mass Field Description Code 5 - /  
Page _Y_ of -fL 

Scanline Descriptions 

Vertical Scadhe Number: 1 
SQnline Location (key into profile sketch and elevation sketch): 
Height of scanIine (ft): C 

Lagtfi of scanliae: I -. 

Scadhe Shtch 

~ c & e  Information: 

Fracture Frequency (disc/ft): 

Estimated RQD: ' 5 - 9 0  60- 
qc-  I, 5- b / u i i o m e , l  



TxDOT Rock Mass Field Description 
Code 

JR z 
page e_~d$  

_ - _ _ - - -  
Profde Shtch Plan/Map Sketch 

General Exposure Description 

Dbmnsions and Orientation 
T a d  height (ft) '5 ' 

Yd7d I AFP 

Date: 

L~ ILOJP 6ddLf- 
/ Z d  d 

TxD()T Disuicc ~K.&VL;J 
-r j.fpp/>' 

-logic Formation: r- 

I 
- 1  aa - 
E I 
V) 

r l - " I - 
G - 1  - - 
.P I - 
=; I 
m 

i.2 
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Lateral Extent (fi): - 
width (ft) - Benches: number of levels A hd&t (fi): - 

7- -:. 5 r . '  s .$ 
7r.-\ ? 

' - ,a '," , ... 

, 1 , I  ;-.. ,: 
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; i , 

. 7 .  . . .  . . 

. . 
I 

, -4 

GI I ]  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - -  
Elevation Sketch of Exposure (ft) (add scale) 



TxDOT Rock Mass Field Description Code 5 - l L  

Page -x 
Snrnmnry Geologic Description 

Bedding Description: St~ikeldip: 

Joint Description Snmmhry 

JointSet Strike Dip Condition Persistence 

PI 

Major Slrnctural Features 

Feature Strike Dip ' Condition Pe~sisrence Remarks 

Active Erosion: 'nI6tdc ? ~ - r  

Geotechnical Data (core available, site investigation report?): 

Form of Slope Degradation: 

TxDOT Contact: TxDOT Record of Maintenance: - 
, ' i  ' 

6 ,/ bM , - -,. , .'.r r 0. "J L- .F 



TxDOT Rock Mass Field Description Code $ 
page X 

Scanline Descriptions 

Horizontal Scanline Number: -!- 
Horizontal Location (key into proffie sketch and elevation skerch): 
Height above base of cut (ft): 
If within one layer, layer thickness (ft): 
Len,@ of scanline (ft): ! 't 0 

Stxike of scanline: 
t 1 

Scanline Sketch (stationing in ff include seepage locations) 

I I 
Debris Description 

Scanline Information: 

Strike (wlr to exposure) 

Description Keys: 

Strike or Dip: R = into slope to the light 
L=intotbesiopetotheleft 

Condition: Closed rough 
undulating 
p k  
slickensided 

Filled sandy 
clay ev 
gouge 
filling thickness 

Persistence exposed length (ft) 
continuous rhrough outmp 
bed-confined 
tamination index 

T 
S 
R 

Debris: Estimated block size (ft) 
Joint or b l a ~  formation 
Differential W-eathee 



TxDOT Rock Mass Field Description Code 5 -7. 
Page 'X 

Scanline Descriptions 

Vertical Scanline Number: 
Scanline L o d o n  (key into profde sketch and elevation sketch): 

Height of scanIine (ft): 

~ m g *  o f s h e :  W 

Scanline Sketch 

~ c & e  Informaan: 

Fractare Frequency (disclit): 
5dAa .fiei2 

Estimated RQD: ' /r-6~ 
do. s ~ I Y C ; . * ~ J  60-75- 



APPENDIX B 

Maintenance Data 





Table B.2. Ma 
Site  Geologic Type of 
Code Formation Failure 

D-2 Austin Chalk R 

I I 

D-3 1 Austin Chalk 1 C,R,DE I Eagle Ford Shale I 
I I 

D-4 Austin Chalk R 
I I 

D-5 Austin Chalk R,DE 

FW-1 Comanche Peak B,R 

Notes: 'MR = Maintenance Rating (Tat 

ntenance Information for Dallas and Ft. Worth Distl 
Age of Maintenance requirements and type 

Cut and size of debris 
(years) 
15 I Prior to 1986 cleared rock and soil debris from 

road 2xIyr. Guard rail installed in 1986. Rail 
removed, rock debris cleared, and rail 
reinstalled in 1995. 

35 No reported maintenance prior to installation 
of rock-nailed wall under bridge abutment 

I 

35 I Sloughed material from Eagle Ford pushed 
I back and re-seeded 2xIyr during rainy season 

1 1 No information 

15 ( No Maintenance 

17 Cobble to lm size debris cleared from ditch 1- 
2xIyr. 

18, 1 Prior to 1994 cleared up to 0.6m debris from 
road 2-3xImo. One 6x6m block on road. Re- 
excavated in 1994 

ict Sites. 
Does debris reach 

road? 
(YIN, Freq.) 

Y (prior to installation of 
guard rail). 2xIyr 

No information 

Y, prior to re-excavation 2- 
3x/mo. 



Table B.3. Maintenance Information for San Antonio District Sites. 
Site  Geologic Type of Age Maintenance requirements and type and Does debris Additional M R ~  
Code Forrnatio Failure (yrs size of debris reach road? 

) 
comments 

n (Y/N, Freq.) 
281-1 Kgr R,DE 32 Clear cobble to small boulder size debris 2x/yr N Dependent on 2 

rainfall 
281-2 Kgr R,W 32 Clear lm to cobble size debris l x  every 5 yr. N 

R,DE - 3 281-3 Kgr 32 Clear soil to 0.9m debris from ditch 3-4nlyr. N M o s t - 0 - 1  
One 1.2x2.5m block. slope in Boerne 

maintenance 
section. Rainfall 
dependent 

281-4 Kgr P,R 32 Clear cobble to 0.9m size debris 2-3xIyr. N I 
281-5 Kgr P,R 32 Clear cobble to 0.6m size debris 2-3x/ r. 

R 
N 

! 1 
1376-1 Kgr 40 C R  Y, 3-4dyr 

R,T 0- 1 1376-2 Kgr 40 Clear soil to 0.6m debris from road 5-6x/yr. In Y, 5-6xIyr Rainfall dependent 0 
last 25 yrs, a 1.8x3.6m block has fallen onto 
roadway. 

1-10-5 Kgr R,DE 25 Occasional 0.9m rock cleared from easement for N Rainfall dependent 3 
mower access, 1d2-3yr 

2722-1 Kgr R 25,l **0.9 to 1.2m blocks cleared from road (I-2nlyr) Y, prior to 2 
5 prior to benching 15 years ago. No maintenance benching 

after bench was constructed. 
2673-1 Kgr R,DE 25 0.3-0.9m rocks cleared from ditch and road ldyr. Y, lx/yr. Failures occur 2 

after hard rain 
3159-1 Ked R 15- Occasional 0.3-0.9m rock cleared for mower N 2-3 

20 access. 
1-10-1 KedlKgr R, DE(Kgr) 25 Clear small rocks from easement lnlyr for mower Y, one time 2 

ck on shoulder after rain. after rain 
5-10-2 Ked R 25 Clear small rocks from easement l dy r  for mower N 

access 2 
I- 10-3 Ked/Kgr R, (C,DE- 25 **No maintenance N Debris is 3 

Kgr) contained on 
benches 

1-10-4 Ked/Kgr R 25 Clear occasional small rock from easement l dy r  N 2 
for mower access 

1-10-6 Ked R 25 Clear occasional small rock from ditch Ixlyr for N 2 
mower access 

1-10-7 Ked none 25 Very little maintenance N 3 
I 



Si te  
Code 

I- 10-9 
41-1 

187- 1 
337-1 

337-2 
470- 1 

21 1-1 
21 1-2 

Table B.3. (con'd) Maintenance Information for San Antonio District Sites. 
Type of Age Maintenance requirements and type and Does debris 
Failure (yrs size of debris reach road? 

Ked R 
Ked/Kgr R,DE(Kgr) 

Ked 1 R 

(YIN, Freq.) 
No maintenance N 
Clear 0.3-0.5m debris from easement lx/yr for N 
moweraccess 
Clear soil to 0.3m debris 1xI3yr Y, Ix13yr 
Clear <0.3m size debris 4-5xIyr. Scale blasting Y, 4-5x/yr 
done in 1987 to remove large blocks in Ked. 

I I 

20 1 Clear up to 0.6m size debris 2-3xIyr. I Y, one time 

bench one time 
3 **Cleared large amount of small (<0.3m) debris N 

2xl3yr. 
I 18- 1 Very little maintenance, small debris pushed back 1 N 
20 1 intowditch lx13yr I 
18- 1 Silt to cobble size debris from fault colla~se zone I N 

I 
20 1 cleared lxll.5yr I 

Ked R 30+ No maintenance N 
Ked R 5-10 Clear occasional small rock (<0.3m) from N 

easement for mower access, 1dyr 
Ked R 1 No maintenance N 

s: ** performance and maintenance affected by benching 
'MR = Maintenance Rating (Table 5.5) 

Additional M R ~  
comments 

Rainfall 
dependent, 
performed better 

Rainfall dependent 2 

zone is source of 
ravelling debris, 



APPENDIX C 

Boring Logs 



EXPLANATION OF D TERM1 
USED ON L6t.m vr  ~ v n m d G S  

MATERIAL DESCRIPTION 

~ ~ ~ P L E  
10-MINME GROUNOWAW 

OISNRBED SIIMPLE OBSERVA7lON 

PERCENTFINES (PASING NO. 200 SLMJ 

STrW04RD PENETR4TlON REShTiWCE 

CORE SMIP(E (4+ INCHES LONG] OBSERVA77ON 

Well-Graded Gravel (GW) 

Poorly-Graded Gravel (GP) 

Silty Gravel (GM) 

Clayey Gravel (GC) 

Well-Graded Sand (SW) 

Poorly-Graded Sand (SP) 

Silty Sand (SM) 

Clayey Sand (SC) 

Silt (ML) 

Lean Clay (CL) 

Elastic Silt (MH) 

Fat Clay (CH) 

Shale 

Sandy Shale 

Weathered Shale 

Sandstone 

Conglomerate 

El 
Caliche 

4 
8 

Limestone :" 
g :s 

Shaley Limestone ) 
ir 

Weathered Limesto 

Dolomite 

Fill Material 

Asphaltic Concre 

DEGREE OF WEATHERING SOIL STRUCTURE 
Unweathered . . Rock in its natural  s tate  without Calcareous . . . . Containing calcium carbonate 

visible sign of decomposition or Slickensided . . . The presence of planes of weak 
discoloration having a slick and glossy a 

Fissured . . . . . . Breaks along definite plan 
Weathered . . . . Slight discoloration without visible with little resistance to fbac 

sign of decomposition 
Weathered . . . . Complete discoloration with zones of Laminated . . . . Alternating thin layers or le 

slightly decomposed rock varying material or color 

Interbedded . . . Alternating layers of varyin 

Weathered . . . . Complete discoloration and  decom- 
position, approaching soil texture 
and  appearance 

, * RQD is defined as the sum of the lengths of all core pieces 4 inches or longer. divided by the length of 
the core run. Core less than 4 inches in length broken by handling or the drilling process should be fitted 
together and'counted in rhe RQD determination. If it is uncemin as to the nature of the break, the 
parsicular piece should not be counted. 





LOG 0; 

Location: A ~ \ , E  ~figs;~it C*)T Date: 416 ,h f Type: IJ Y ~ o ~ f l ' l  COQE Boring No: Z 



LOG 01 



LOG 01 



LOG 01 
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LOG 01 
prOjeck LOUP I d  0q @ 4/77&s k3dD 

Boring No: 4 



APPENDIX D 

Laboratory Test Results 



S ~ t e  Sample Formn~ion Descrip~ion Depth Field- Water conlenl Carbonale Second cycle slake Uniaxial E from E-secant E-tangent at 50% of Splitling Hardness 
Code identifica~ion' (m) observed (%) content durability (W) compressive P-wave 

( ~ p ~ ) '  ultimale strength tensile on Moh's 
Erodibility (%) strenght testing (MPa) strength scale 

2 (MPa) (MPn) (MPa) 
28 1-3 28 1-3 H Glen Rose Light prey, hard Limeslone NlAP NE 0.9 100 97 NIAV NIAV NIAV NIAV NIAV 2 to 3 
281-3 28 1- Glen Rose Grey Marl NIAP E 2.5 68  68  NlAV NlAV NIAV NlAV 

3 Marl-E 
NlAV l t o 2  

281-4 281-4 Glen R o x  Tan, marly Limeslone NlAP E 8.6 78 47 NlAV NIAV NIAV NlAV NIAV I t 0 2  
Marl E 

1-10-1 I-10-13-1 FortTerretl Grey Ilighl grey Limeslone MAP E 2.1 80  9 5  NIAV NIAV NlAV NlAV NIAV 2 to 3 
Glen Rose 

1-10-3 I-10-33-1 Fort Tcrrell Tan I yellow, clayey Dolomile NIAP E 5.4 94 32 NIAV NIAV NIAV NIAV 
Glen Rose 

NlAV I t o 2  

1-104 I-10-4-S-I Fort Terrell Soft, light tan Dolomite NlAP E 6.0 99 78 NIAV NIAV NIAV NlAV NIAV I t o 2  
Glen Rose 

1-10-5 I-10-53-1 Glen Rose Tan, medium hardness Limeslone NlAP E 2.0 82  6 3  NlAV NlAV NIAV NIAV NIAV I l o 2  
470- 1 470-1 Fort Terrc~l  Light tan, highly weathered NIAP E 3.0 82  4 0  NlAV NIAV NIAV NIAV NIAV 1102 

W-MARL I Glen Rose crumbly Marl 
470-1 470- Fort Terrell Dark tan, clayey Marl NlAP E 8.7 84 58  NIAV NIAV NlAV 

I-F-MARL- Glen Rose 
NIAV NIAV 1102 

I 
470-1 3 470- I M R  Fort Terrell Light tan lo white. hard NIAP NE 0.5 100 97 NIAV NlAV NIAV 

Glen Rose Limestone 
NIAV NIAV 2 r e3  

S-l 
-- 

B-I CI  
-- 

Edwards 
Tan. hard Limeslone 1.07 -1.34 6.7 87  NlAV N/AV2813--- 14.31 3610 2.17 2 to 3 

N/AP 

Llmeslone 
S- I B-l Grey, hard Limestone 7.92 -8.1 3 4 89 NIAV 17.55 

Edwards NIAP NIAV 2564 3024 NIAV 2 to 3 

Limestone 
S-I B-2C5 Tan, hard Limestone 0.76 - 0.88 5.9 96 NlAV 32.44 

Edwards NIAP NIAV 4325 4992 NIAV 2 to 3 

Limes~one 
S- l 8 - 2 C 6  Grey, hard Limeslone 3.5 - 3.66 2.7 94 NlAV 17.43 

Edwards NIAP NIAV 2869 4309 1.85 3104  

Limeslone 
S-l 8-2 C7 Grey, hard Limestone 3.93 - 4.08 3.1 84 NIAV 43.98 

Edwards NIAP NIAV 10390 12536 NIAV 3 lo4 

Limestone 
S-1 B-2C13 

--- --- - 
Edwards 

Grey. hard Limestone 6.76 -6.92 6.6 89 NIAV 24.13 NIAV 6635 10055 NIAV 3 
NIAP 

Limestone 
S-I 8 -2  C I S  Grey. hard Limeslone 10.48 -10.61 4.9 9 0  NIAV 56.10 

Edwards NIAP NIAV NIAV NIAV NlAV 

Limestone 





Tnblc D.I. Laboratory Tcst Results Ior Austin District Silts. 

161 = sample obtained from bore hole 1; 82 = sample obtained from bore hole 2. 
Key: E = Erodible; NE = Non-erodible; H = Hard; MR = More resistan1 to erosion; LR = Less resistant to erosion; W = Weathered; (?) = missing data; NlAP = Not applicable: 

NIAV= lniotmalion not available. 



APPENDIX E 

Performance Data Analysis 



Appendix E 

This appendix contains detailed engineering geologic data utilized for this project. 

Plots were made of the potential factors affecting performance vs. the performance measures 

(e.g. Maintenance Rating, Visual Stability Rating, and Degree of Differential Erosion). 

Several of the variables were normalized by age because it was initially thought that some of 

these factors would be influenced by the slope age (e.g. degree of differential erosion). Due to 

the geologic variability among sites, however, age did not appear to influence the 

relationships. Also included in this Appendix are summary tables of the RMR and SMR 

determinations. Histograms of certain variables are included to show the distribution of 

certain factors such as: age, height RQD, SMR, and RMR. 







SMR = RMR + (FI *F2*F3) + 274 

Table E-4 Rock Mass Rating (Bieniawski, 1973) 
Parameter 
UCS m a )  

Rani?g 
RQD 

RdRg 
Spacing of 
Discontinuities 

Condition of 
Discontinuities 

Raring 
Groundwater in 
joints 

Raring 
Sm'h and dip 

Range of Values 

onentMom of 
dirco~1'nuih'es 

Tunnels 
Rating Foundations 

Slopes 

> 250 100-250 
15 12 

90-100 
20 17 

> 2m 0.6-2m 

20 15 

50-100 
7 

50-75 
I3  

200-600m11 

10 
Slightly rough 
mfice~,  
separation < 1 
rnm, hjghly 
Weathered 
walls 

20 

surfaces, not 
coneosy No 
YPM~P, 
Yovathe* 
wall rock 

30 
c o m p l a y  

Dry 
15 

U.ly'avorabIe very 
0 
0 
0 

Slighu~ rough 
surfaces, 
sepamion < 1 
UIUI, slightly 
Wathered 
walls 

25 
Damp 

10 I 

-5 

Wet 

7 

25-50 
4 

25-50 
8 

60-200- 

8 
Slickensided 
m r f a ~ ,  Or 
gouge < 5 - 
ihicl;, or 
sepamtion 1-5 
-9 

continuous 

-25 

Favorable 
-2 
-2 

5-25 1-5 <I 
2 1 0 

< 25 
3 

<60 mm 

5 
soff gouge > 5 - 
thick, or sepadon > 5 - thick, continuous 

Notes: UCS = com~msive *nsh, RQD = Rock Quality Designation ( D ~ E ,  1963) 

Fair 
-5 
-7 



L I 

1283-1 2 13 20 22 15 72 0.15 1 60 10 73 

Mean 2 14.3 17.1 19.5 11.9 64.8 0.3 0.8 -28.6 6.8 61.7 
Std Dev. 0 2.4 2.7 3.7 4.0 17.0 0.2 10.4 27.4 4.8 15.9 

I 
. .. 

'Nares: Js=joint spacing, 
I I I I 1 I I I I 

Jc=joint condition, Jw joint water, F1-F3 relate to discontinuiQ' orientations (see 
Tables E.4-E.6), F4 relates to method of construdion. 
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s o r n o r n  

s ' l s c ?  
Height (m) 

Fig. E.l Height distribution of Glen Rose sites. 

Age (Y) 
Fig. E.3 Age distribution of Glen Rose sites. 

h h  
q o E i S E i S  Q " - - . c u n ? r n  ~ O r o O r n  

s = S P  
Height (m) 

Fig. E.2 Height distribution of Edwards sites 

Age (Y) 
Fig. E.4 Age distribution of Edwards sites. 



.- 

Age (Y) 

Fig. E.5 VSR VS. age for Glen Rose sites. Increasing 
VSR values indicate increased performance. 



Fig. E.7 MR vs. age for Glen Rose sites. Note, 
increasing MR indicates decreasing maintenance 
frequency. 

Fig. E. 8 MR vs. age for Edwards sites. Note, 
increasing MR indicates decreasing maintenance 
frequency. 



Height fin) - . ,  
Fig E. 9 VSR normalized by age vs. height for Glen Rose sites. 
Increasing VSR values indicate increased performance. 

Fig. E. 10 VSR normalized by age vs. height for Edwards 
sites. Note that stability increases with increasing VSR. 



3 

2.5 

2 
E 

2 
a 2 1.5 
m 
s s 
I= - 1 2 

0 Oo5 5 0 5 10 15 20 25 

Height (m) 

Fig. E. 1 1 MR vs. height for Glen Rose sites. Note, 
increasing MR indicates decreasing maintenance 
frequency. 

0 10 20 30 40 50 60 70 
Difference in Slake Durability (%) 

Fig. E. 12 MR vs. difference in slake durability. Includes 
Glen Rose and Edwards over glen Rose sites. 



Difference in Slake Durabilitv (%) . . -, 
Fig. E. 13 DDE vs. dserence in slake durability. Includes 
Glen Rose and Edwards over Glen Rose sites. 



0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 
Degree of Differential ErosionlAge 

Fig. E. 15 VSR vs. DDE normalized by age. Includes 
Glen Rose and Edwards over Glen Rose sites. 

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 
Visual Stability Rating 

Fig. E. 16 MR vs. VSR for Glen Rose sites. Notice there is 
no relationship between these two performance measures. 



Fig. E. 18 MR vs- average RMR for Glen Rose sites. 



mean RMR 

Fig. E. 19 MR vs. average RMR for Edwards sites. 

. . 

0 10 20 30 40 50 60 70 80 90 100 
mean SMR 

Fig. E.20 MR vs. average SMR for Glen Rose sites. Value at 
(12, 1.9) is site 2722-1 which has a joint set daylighting into 
the slope face, thus dramatically lowering the SMR. 



mean SMR 

Fig. E.21 MR vs. average SMR for Edwards sites. 

mean RMR 

Fig. E.22 VSR- vs. average RMR for Glen Rose sites. 
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Fig. E.23 VSR vs. average RMR for Edwards sites. 
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Fig. E.24 VSR vs. average SMR for Glen Rose sites. 



Fig. E.26 MR vs. average RQD for Glen Rose sites. 

mean SMR 

Fig. E.25 VSR vs. average SMR for Edwards sites. 



, , , .  
0 10 20 30 40 50 60 70 80 90 100 

Avg. RQD 

Fig. E.27 MR vs. average RQD for Edwards sites. 
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Fig. E.28 VSR vs. average RQD for Glen Rose sites. Notice 
slight relationship. 
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Fig. E.29 VSR normalized by slope age vs. average RQD 
Glen Rose sites. 

Avg RQD 

Fig. E.30 VSR vs. average RQD for Edwards sites. 
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Fig. E.3 1 VSR normalized by slope age vs. average RQD for 
Edwards sites. 

Glen Rose Edwards over Glen Rose 

Fig. E.32 Effect of seepage on the average SMR ratings for Glen 
Rose and Edwards over Glen Rose sites. 
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Fig. E.33 Distribution of average SMR values for Glen Rose sites. 
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Fig. E.34 Distribution of average RMR values for Glen Rose rites. 
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Fig. E.35 Distribution of SMR ratings for Edwards sites. 

Avg. RMR 

Fig. E.36 Distribution of RMR ratings for Edwards sites. 



A Geotechnical Investigations (TETCO. 1985-1 995) 

Site 620-1 I 
Fig. E.37 RQD vs. depth for Glen Rose Formation from CTR core 
borings and local geotechnical reports. Only 1.5 m or longer core 
runs were used for RQD determination. Notice the extreme 
variability at depths less than 10 m. This is most likely attributed to 
the weathered zone of the formation. Below 10 m, RQD shows a 
fair correlation with depth. The majority of road cuts observed for 
this project, in the Glen Rose, are 15 m or less in height. 



Fig. E.38 .Distribution of RQD values for the Glen Rose in the 
Austin, TX area fkom local geotechnical reports (TETCO, 
1985-1995). 

Fig. E.39 Distribution of estimated and calculated RQD 
values in Glen Rose from CTR 1407. 





Fig. E.41 Distribution of RQD's from TETCO (1985-1995) for 
Edwards Formation in the Austin, TX area. 

Fig. E.42 Calculated and estimated RQD's for Edwards sites 
for CTR 1407. 



Fig. E.43 Distribution of uniaxial compressive strength values 
for Glen Rose Formation in the Austin, TX area ftom TETCO 
(1985-1995). 

- i 
Fig. E.44 Distribution of UCS values for the Edwards Formation in 
the Austin, TX area fiom TETCO (1985-1995). Note that the 
UCS values for the Edwards are about 2 times greater than that of 
the Glen Rose (Fig. E.43). 



Fig. E.45 Average and range of estimated andlor calculated RQD's 
fiom sites in the Glen Rose and Edwards Formations. 

Fig. E.46 Average and range of RMR ratings for sites in the 
Edwards and Glen Rose Formations. 
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Fig. E.47 Average and range of SMR ratings for Edwards and 
Glen Rose Formations. 
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Fig. E.48 Average and range of VSR values. Notice the 
higher avg. VSR values for the Edwards Formation sites. 



Fig. E.49 Average and range of MR values. Notice the higher 
average MR for the Edwards Formation. 
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