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IMPLEMENTATION STATEMENT

The potertial for redoced construction time and enhanced stability with “op down"
construction is a distinet advantage of nailed retention systems in rock cuts. However, thare is a
lack of rational design proceduores for these systems, and conservative design approaches that treat
the rock as a soil have been used. Th= objective of this project is to formmulate a design procedure
for nailed rock excavations, which is linked integrally to the charactenstics 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 cots. These
recommendations inclede guidance an how to investigate a rock-cut site, when to use nails versus
other forms of slope protection and sopport, and how to design nailed slopes,

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

DISCLAIMERS

The contents of this report reflect the views of the anthors, who are responsible for the
facts and the accuracy of the data presented herein. The contents do not necessanly reffect the
official views or policies of the Federal Highway Administration or the Texas Deparment of
Transportation. This report does not constiote 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, incloding art, method, process, machine, mamofacture, design, or
composition of matter, or any new and wseful improvement thereof, or any variety of plant which
is or may be paientable under the patent laws of the United States of America or any foreign
country.

NOT INTENDED FOR CONSTRUCTION,
BIDDING, OR PERMIT PURPOSES

Prscilla P. Nelson
Rerearch Supervisor
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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 & systematic
program of observation, documentation and aralysis of 53 existing rock cuts. A comprebensive
field reconnaizsance was conducted, and the behavior and chargcreristics of the rocks in natu-al and
man-made exposores ware observed and documented.  The rock units in this study incloded
primarily the Cretaceous-age sedimenzary 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 incleded exposure geometry, rock mass quality, impact of weathering, and
potentigl failure modes. Rock cores were also obtained and laboratory tests were conducted on
core samples end grab samples from exposures. In addition, the performance of existing
excavations and design procedures was evaluated. Performance mformation that was collected and
analyzed included qualitative descriptions of stability, quantitative information on mainienance
frequency and effort, and quantitative information on catichment adequacy.

The performance data were analyzed to identify the most important factors affecting the
performance of the studied rock cuts. The dominant mode of failure was localized raveling and
differential erosien. This failure mechenism was particularly dominant in the Glen Rose Formation
and the Austin Chalk. Raveling of loose blocks was also observed in the Edwards Formation
where paleckarst and recent (in geologic time) solutioning has created cavities and fractores. The
block sizes in both instances tended to be comparable in dimension to the bedding thickness, on the
order of 0.3 m. Increased weathernng and block fallout were associated with groundwater seepage
from the cut or overland mun-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 fatlures 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.

Conventiongl information from bonngs provided lmited information in predicting the
performance of studied rock cuts. The guality of the rock core (Le., the rock guality designation,
ROD) did not correlate well with stabzlity. While high RQD values are penerally associater] with
good performance, low RQD valoes are not necessarily associated with poor performance. For
example, the Edwards Formation gensrally 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 sitn,  Stratigraphic information from borings, such as the presence of thick marly
layers, was the most valuable type of informarion. It was found thar differences in slake durability
of greater than 20 to 30 percent between individual layers within a slope indicated a high potential
for differential erosion. However, the absolute magnitude of slake durability, or other related
properiies such as unconfined compressive strength, were not effective indicators of this faifure
mode.

Maintenance requirements tended to be zreamer for cute susceptible to raveling and
differential erosion, cuts with groundwater seepage, and taller cuts. Benches were cifective a
reducing the slope height and, therefore, reducing the maintenance requiremenis. However,
benches were only effective if they were wide enough to carch 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 catchmenis to collect rock fall were effective if the width
was greater than one-half the slope height Water ssepage and pressures promoted rock mass
deterioration. The few rock culs coataining rock nails bave all performed well to date. The naibs
and facing materials have prevented raveling and erosion that has occurred in other cuts at the same
sites.

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 investigaton work, such as borings and laboratory
testing, are recormmended only whan potentially continuous discontinuities trend nearly parallel o
the slope face and dip toward the slope; if the slope is w be left unsupported with a nammow
catchment area (less than 0.5 times the slope height}; and when the slope is to be supported with
tock nails.

In most instances, near-veriical, 10 to 30-m high rock slopes or cuts in the formatioes
common to central Texas can be left unprotected and unsupporied if an adequate catchment zrea (of
at least 0.5 times the slope height) is provided at the toe to prevent rockfall from entering the
roadway.

In areas where adeguate catchment cannot be provided doe to right-of-way or other
geometrical constraints, the slope should be protected from raveling and differential zrosion with a
thin layer of fiber reinforced shotcrete at the slope face, Spot nailing 15 recommended for
suppoeting larger blocks {on the order of several meters in size) that may be unstable. Seepage and
surface water control will also be heipful in minimizing raveling and ercsion.

Xiv



In areas where external loads ere to be supported near the crest of the rock cut, a pasemn 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 hridge abutment foundation).

If continuous, steeply dipping discontinuities will daylight at the cut face, then rock nails
should be installed across the discomtinuity to support the potentially unstable wedge. This
recommendation 15 intended for both slopes with and without external loads if a large-scale planar
or wedge falure 15 possible. A design equation and design charts are presented to estimate the
required mail loads. Again, fiber reinforced shotcrete should be applied at the cot face o 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 Trangportation (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 stzbility with "top down™ construction 1s a distinct advantage for nailed retzniion
systems. However, becaunse of a lack of design procedures and data for the relatively soft rozks 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 distinetly different from nailed soil slopes due to
differences between rocks and soils. With soils, deformation occors as & resolt of strains
throughout the soil mass and the mass behaves essentially as a continuum. In contrast, mock
response is controlled by deformations along discontinuities such as fissures, cracks, joints and
fanlts. Accordingly, different design approaches are required for the design of pailed slopes in
rock and soil.

The objective of this project i5 to formulate 2 retionsl design procedure for nailed rock
excavations, which is linked integrally to the characleristics of rock formations typically
encountered in cemtral Texas. The design recommendations will include puidance on how o
investigate a site, when to use nails versus other forms of slope protection and sopport, and how to
design nailed slopes.

1.2 Approach

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 reconnalssance qas been conducted at fifty-three sites, and the behavior and
cheracteristics of the rocks in naturel and man-made exposures have besn systematically obeerved
and documented, The rock omits in this smdy have included primarily the Cretaceons-age
sedimentary rocks that outcrop in a broad band from west of San Antonio through Austin, Waeo
and Dallas, The lithologies range from hmestones and dolostones of varying punty, through clay-
nch marls and clay shales.

Observations bave included exposure peometry, rock mass guality, impact of weathering,
and potential failure modes. Rock cores have also been obtained and laboratory tests have besn



conducted on core samples &nd grab samples from cxposures. In eddition, the performance of
existing excavations and design procedures has also been evaluated. Performance infonmation that
was collected and analyzed incloded qualitative descripbions 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
cots in rock. While the design recommendations are specifically for central Texas, the
methodology developed for this project can be applied o other geologic formations encountered in
TxDOT construction.

1.3 Report Organization

This report is organized imto nine chapters and five appendices containing supporting
materials.

Chapter 2 provides a brief Sverview of the regional geology encountered in exposures in
central Texas,

Chapter 3 contains & description of rock nailing technology.

Chapter 4 provides a detmled description of the implsmented program of feld
reconfaissance, data collection, site investiganon, and laboratory testing. Appendices A, B, C and
D coneain the field data forms, mainienance data, boring logs and laboratory tes: results,
respectively.

In Chapter 5, the field performance deta are summanzed by distnct. The geologic
formation, slope beight and length, method of suppert, and observed failure modes &re tabulated
for each site. In addition, rating schemes are developed and mmplemented to quantify ths stability
of different cuts based on visual observations, maintenance requirements based on documented
maintenance information from TAC-OT, and the adequacy of catchment areas o prevent rockfall
from entering the roadway.

The performance data are analyzed in Chepter 6, Comparisons are made between observed
performance and that predicted by conventional rock mass classification schemes. Additional
factors that affect the performance ¢f these cuts in central Texas but are not necessarily ircluded in
conventional schemes are also idertified. Catchment design procedures are also evaluated within
the context of observed caichment performance, The detailed graphical and statistical analyses that
support the work summarized in Chapter 6 are contained in Appendix E.

Chepter 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 spproaches are
proposed for different rock types and conditons, The first approach treats the nails as strectural
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members that support the rock and stabilize the rock mass, and i5 approprate for sites in fauled
areas where steeply dipping, continuous discontinoities that daylight into the rock face may be
present. The second approsch 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 lowds and determining required nail spacings and lengths.
Guidelines are also included for facing material at the rock surface.

Chapter B identifies and discusses the advantages and disadvantages of aliemative control
measures that can be usad in combination with neils or in place of nails.

Chepter @ 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 trodueti

The regearch conducted for this project was concentrated in the Dallas, Fort Worth, Austin,
and San Antonio Districts of TxDOT (Fig. 1.1). The rock cufs 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 Formetion. Exposures of the Walnut,
Comanche Peak, Winchell, 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 expenences of the anthors.

2.2  Dallas District

The Austin Group is the most predominant “soft rock™ formation exposed in the Dallas
area. The Austin Group, commonly refermred to as the Awstin Chalk, was deposited duning the
Cretaceous Period and outcrops in a northeast-southwest band that mcludes & significant porton of
Dallas and sumounding areas to the north and south of the metropolitan area. The Austin Chalk
has been subdivided into three separate members in the Dallas area based on lithology. The lower
member is §1 m thick and consists of (06 1o 1.5-m thick beds of chalk (soft limestone) interbzdded
with 0.3 1o 0.6-m thick beds of mar] {Allen and Flanigan, 1986). Marl is a hard calcareous clay or
compect, impure limestone. The middle member is approximately 67 m thick and consists of 0.6
to 1.5-m thick beds of marl interbedded with 0.3 to 0.6-m thick chalky limestone beds. The upper
member is similar in lithology to the lewer member and averages 49 m in thickness. The Austin
Challk has a maximum thickness of abont 206 m in Dallas County {Allen and Flanigan, 19865 The
onweathered rock is lizht aray and westhers to a dull tan color. The Chalk also containg seams and
beds of bentonitic material. Beds dip gently to the southeast at an approximate angle of 3 degrees
toward the East Texas Embayment, a lerge broad basin marking the inland edge of the Gulf Coastal
Plain.

Major fault zones in the Dallas District are associzted with the Balcones Fault Zone to the
west of the Dallas area. Blakemore (1939) stwdied the area fanlts and found them to be dip-slip
normeal 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 (o be related to the faolts. A major joint set
strikes N 65° E and controls drainage patierns of small mbutanies in the area.



The Austin Chalk is underain by the Eagle Ford Formation and overlain by the Ozan
Formation in the Dallas area. These two formations are composed of montmorillonitic clay/shale
and marl, respectively. Neither of these formations was studied &s 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 susceptibie 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 Disirict was located at the contact between the Winchell

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 lignite and sandstone interbeds (BEG,
1972).

Comanche Peak Limestone: The Comanche Peak is a fine grained, clayey, noduler,
burrowed limestone about 5 to 7 m thick (BEG, 1972). Burro_ws 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 Figure 2.2,

2.4.1 Glen Rose Formation
The Glen Rose Formation is the oldest and most extensive rock formation that cutcrops in
the two districts. It ourcrops in major portions of Travis, Hays, Burnet, Blanco, and Gillespie



Counties in the Austin District and Kerr, Kendall, Bexar, Medina, Bandera, and Comal Counties
in the San Antonio District Generally, the formation is spbdivided into two distinguished
members (Upper and Lower Glen Rose) separated by a Corbula (fossil) bed. However, in the
Austin metropolitan area, the Glen Roge has been subdivided into five members (Rhodda, 1970).
The oldest member, Member | cons.sts of gray to tan, thin bedded, nodular limestone, marly
limestone, and marl. A large portion cf this member i5 also bummowed. The thickness of Member
1 15 about 75 to 90 m in the Austin arsa to 150 m mn 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 ledses 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 limestore, 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 o 35 m of thin bedded, gray-brown, perous dolomite and
dolomitic limestone (Rhodda, 1970), Outside of the immediate Austin vicinity, Members 2
through 3 are not mapped separately but are grouped wogether as the Upper Glen Rose.  Member 1
is thus referred to as the Lower Glen Fose. The total thickness of the Glen Rose in the region of
study vartes from 150 m in the northem part of the Austin District (Garner, 1976) w 270 m in the
San Antondio District {BEG, 1983).

The marly beds, and to some exten 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, Thisis a
distinctive feature that can be scen 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 verical exposures of the
Glen Rose can also be seen along the Colorado and San Gabrel Rivers im the Austin District, and
the Medina, Frio, Guadalupe, and Sabinal Rivers in the San Antonio Distict, as well as the
nuemeraus tributanies that dissect the region.

2.4.2 Walnui 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 &
medivm grained, burmowed, resistant lsmestone. The upper Bee Cave Member is described as an
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extensively bummowed, nedular, fossiliferous, limestone, marly limestone, and marl (Rhodda,
1970).

2.4.3 Edwards Formation

Like the Glen Rese, 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 the
Austin District. In the San Antonio Distmict, the Edwards outcrops-west of IH-35 in Comal and
northwest Bexar Counties, and also outcrops extensively in Kendall, Kerr, Medina, and Bandera
Counties.

The Edwards in the Austin area has been subdivided into four members by Rhodda {1970),
although thess 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 filled with rock fragments and seil (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 Anstin. 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
nodalar, marly limestone interbedded with flaggy limestone, Finally, Member 4 resembles
Member 2 in lithology and thickness, although it contains a thin solution collepse zone in the
middle.

In the San Antonio area and along the Balcones Fault Zone, the Edwards is mapped a5 a
single unit presumably because of complex structural geology as a result of fanlting. 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 meppable units. The lower member is known as the Fort
Temret Member which consists of three different lithologic zones. The hasal third is described as
nodular limestone 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
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porcelaneous, aphanitic limestone, collapse breccia, chert and recrystallized limestone, Total
thickness of the Forl Terret is about 70 1o 50 m.

Owerlying the Fort Termet is the Scgovia Member which is & cherty, fossiliferous limestone
at the top, followed by porous, massive to thin bedded dolomite with collapse breccia n the middle
third, and marly limestone and marl ai the base (BEG, 1983). The thickness of the Segovia is 90
to 115 m.

2.5 tructural Geolo

The hasic geologic structure of the Austin-San Antonio erea is a gently dipping homocline
broken up by faulting in the area known as the Balcones Fault Zone, which consists of ont major
normal fault and numerous other sméaller normal and drag faults. The broad regional dip of
bedding is to the southeast at less than 3 degrees. On the small scale of individeal slopes, dips can
be approximated as bonzontal, In the Austin area, however, the beds of the basal Cretaceous
racks (i.e., Glen Rose, Walnut, Edwa-ds) dip gently to the norheast into the Round Reck svncline
{Tucker, 1962). Within the Baleconas Fault Zone, dips are less predictable and vary considerahly,

The Baleonas Fault system is & belt of northeast rending dip-slip normal fauits which strike
at about N40'E (Rhodda, 1970). Displacements vary from less than a meter to 180 m, but most
mipped fault displacements are less than 15 m. Faults with displacements less than gbout 2 m are
generally not mappable outside of road and stream cut exposueres. Dips of the faults typically range
from 55 to 75 degrees. Some minor localized folding and faultng is present in and above solution
collapse zopes in the Edwards,

According (o Rhodda (1970), two major pairs of joint sets are common in the Austin area,
One joint pair strikes at N40°E and N45"W and the other at N10"W and NEO°E. No infonmation
was found on jointing in the San Antemo Distoet.
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CHAPTER 3. ROCEK NAIL WALLS

3.1 Introduyction ;

Highways in central Texas are often constructed with vertical cuts or slopes excavated into
the rock wnits deseribed in Chapter 2. These cut glopes range in height from less then 3 m to
greater than 30 m, and a vagety of retention systems have been vsed o stabilize these excavations.
Rock nail anchor retaining walls ar= one type of retention system that has been nzed recently, Tl:us
chapter provides beckground on the pronciples behind rock npailing and the matenals used in the
construction of rock nail walls.

3.2 Rock Nail Retaining Structores

Mailed walls (Fig 3.1a) are constructed using a “top-down" construction procedure, Ina
“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 o full depth before a
wall is built, "Bottom-up” procedures are used to construct, for example, conventiona. retaining
walls and mechanically stabilized carth walls (Fig 3.1b). A drawback to "bottom-up" constniction
15 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. Tt also reguires the replacement of the
natural material with select granuler fill. In contrast, a rock-anchored wall generally r=fers to a
conventional reinforced-concrete wall, where loads ar the surface of the wall are transferred to &
stable zone behind the retained mass through te-backs (Fig. 3.1c). Alternatively, an anchored wall
can be an element wall, a wall mad= up of several individual components, each anchored with a tie-
back (Fig. 3.1d). A cantilevered retaining wall with vertical anchors acting through the feoting and
providing resistance to overmuming can also be considered to be a type of rock-anchored weail,

3.3 Eringciples 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 technigues to the suppont of rock
gxcavations. In soil nailing consiruction, reinforcement clements are installed m & systematic
pattern as the excavation progresses, with each row of elements being installed into natural material
before the mext increment of excavadon (Fig. 3.2). The elements are placed in & dnlled hole,
typically angled shout 107 to 15 below harizontal, and secured with grout.  Ppeumatically-applied
concrete (shotcrete) is used to give additional face-support to the retained mass, bridging between

12
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the nails. In addition, for permanent nailed stroctures, reinforced concrese facing panels are added
to the face of the nailed wall.

Soil nail patterns and lengths ere often chosen from experience, but some theoretical design
procedures have been developed (Elias and Juran, 1991). Stocker and Riedinger (1990) repart that
German experiments have found that a spacing of Jess than 1.5 m is appropriate for soil.  Mitchel]
and Villet (1987) report on designs used on varjous nailed walls in France. The spacings o these
projects varied from 1.0t 2.0 m vertcally 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 resistence along discontinuities,
gnd (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 ard 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 (1993},

3.4.1 Grout

Grouted anchorages transfer tensile and shear [oads through cement or resin grout placed in
the annulus of the borehole around the element The prout transfers the applied load w0 the rock
primarily through mechanical interlock, However, chemical bond and friction ar= also involved in
load transfer.

The grout used for grouted anchorages is usvally either Portland cement or resin,  Cement
grout is usually pumped or poured in a liquid state, although cartridges are also avaflable so the
materials can be mixed in place (Douglas and Arthur, 1983). Resin grouts are generally either
polyester or epoxy. Polyester resin grouts are guicker setting and often less =xpensive, while
EpOxy Tesins are stronger and more varsatile. Resin grout can be pumped in liguid form es with
cement grout, but because of safety concerns and convenience it is usually pleced in cartridges.
Resin ingredients, especially in cartridge form, have & limited shelf life, becanse some of the
ingredients break down over time.

Cartridges for resin and cement grouts allow the material to be placed in the boreheke in a
dry form becavse the cartridges keep tie active ingredients separated. Grout cartridges are placed
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in a borehole before installation of the reinforcing element.  When the element is installed, it is
ratated, shredding the plastic or glass cartridge casing and mixing the grout ingr:l:l"rr;ms.

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.

3.4.2 Reinforcing Element Materials 3

The materizls used for reinforcing elements are wires, cables, and bars. Wires and [:ahles
(also called strands - & member made up of bundled wires) are made from steel and are genesally
wsed in rock reinforcement only where very high capacity anchors are required. Bars are usually
made from mild steel or high-carbon steel, although stainless stesl and other alloys (like chrome-
nickel stes! 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 cither over the full length of the bar
(continuously threaded) or at one or both ends. Continuously threaded bars are useful on projects
where different length 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 Engmeering Corp., are presented
in Table 3.1.

Bars are normally solid but, for easier grouting, hollow bars have besn 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 B.3 mm inside diameter core hole. The manufacturer states that this has an advantage over the
use of grout bes 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 altemative 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 manafactures fiberglass bars {called Dywidur bars) with
nominal diameters of 22 and 25 mm, 2 tensile strength of 950 MPe and 2 Young's medulus of
50,000 MPa (Dywidag, 1993b).

Some advantages of fiberglass reinforcing bars inchade:

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;
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3. Unlike stes], fiberglags 5 registant to comosion and doss not conduct electricity;

4. Fiberglass bars are useful in corrosive environments;

3. Fiberglass bars do not disrupt electro-magnetic fields near sensitive electro-
magnetic equipment; and

6. Fiberglass bars can be more easily cut through than sieel bars where re-excavation
may be necessary;

Disadvantages of fiberglass bars include:

|. Fiberglass bars typically cost more than stes] bars; and

2. Fiberglass bars allow more deformation than similarly dimensioned steel bars
becavse the Young's modualus of fiberglass is about one-fourth that for steel.

3.4.3 Element Heads

The element head is the part of the reinforeing element where loads are transferred from the
element to the rock at the face of the excavation, as well a5 to any surface sepport system that may
be used, sech 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 smalier loose blocks cannot fall cut and
surface deformations are controlled.

Where the reinforcing elements used are bars, the most common design at the element head
15 a nut, washers and & face plate. A nut is screwed onto the threaded end of the element and bears
om & face plate, which distributes the load to the rock surface. Washers are used between the nut
and plate o provide more efficient load transfer. Douglas and Arthur (1983) recommend osing
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 wo prevent
damags to the washer during tensionin g.

There are several types of face plates that have been used, Flat plates are often uszd and
can be square, circular or triangular i shape, Table 3.2 inclodes typical plate sizes (diamater 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 & flat plate is that it bears on the rock at only a few points near the
center of the plate. If element loads ars high, the rock can be crushed at these points. Asan
alternative where loads or deformations are expected to be high, a deformed plate can be nsed.
Figure 3.4 illostrates two commonly osed deformed plates, the domed and wiangular bell-shaped
plates. Deformed plates contact the rock surface closer to the edges of the plate, reducing point
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loads on the rock. Also, the plate deforms when load is applied giving a positive visual
verification of tensioning. f

3.4.4 Corrosion Protection

Corrosion protection is an important part of choosing the proper reinforcing element
materials. The most important perameters of the reinforced material (rock or soil) influencing
corrosion are the content of dissolved salts, pH, porosity, and degree of saturation. EI:I"lfi:I'l:rn.mEI‘Itﬂl
comditions that cause the highest comosion rates are & high content of toal dissolved sals, higll'l
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 iisclf (primary and secondary) mrovides a
measure of protection. However, since the grout often cracks, possibly allowing wates to reach
the member and cause corrosion, additional protection is needed, Common protection methods
include epoxy coatings (limited to deformed bars for adeguate bonding) and galvanzed or plated
bars (Doonglas and Arthur, 1983). A minimum grout thickness of 37 mm and deformed reinforcing
bars with electrostatically applied enoxy to 2 minimum thickness of 3.5 mm are recommended by
Eliss and Juran (1990),



Table 3.1.

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

Manufacturer | Yield Stress | Ultimate Stress Available Nominal Diam.
MPa MPa mm
Dywidag 414 620 19.1, 22.2,
25.4, 28.85,
47.8, 34.9,
44.5, 57.2.
517 6B9 22.2, 25.4,
44.5, 67.2,
63.5.
B81 1034 26.0, 32.0,
36.0,
837 1103 26.0, 32.0,
36.0.
Williams 881 1034 26.0, 32.0,
36.0, 45.0.

Table 3.2. Typical Faceplate Dimensions

(after Douglas and Arthur, 1983).
Workina Surface Thickness
KN Area mm
BQ 7
150 200 i0d
3pa 20 10 2501 12 |
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Fig. 3.4. Common Deformed Shapes of Bearing Plates {from Stillborg, 1586).
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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. All 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
peolagic formation.

A ficld reconnaissance study was conducted at each of the 53 sites. Based on these results,
three case-study sites with rock-nail supporied slopes were selected for further investigation.
These siles were respectively located 1n the thres major geologic formations smudied, 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 variows sites and on core samples obtained from the case-study sites. Details for the field and
lahoratory testing program are presented in this chapter, and the results are summarized in
Appendices A (field reconnaissance), B (maintensnce 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 particular road-cut exposures were made in the Dallas, Fort
Warth, Austin, San Antonio, and El Paso Districts of TXDOT. Each of these districts responded 1o
a questionnaire developed by the project team (Calvan, 1993) to identify areas where rock cut
slope siability was an important issue to THXDOT. During the penod from March 1994 o Joly
1995, a total of 53 detailed field reconnaissance studies were made on cut slopes in these distriets,

4.2.1 Data Collection Forms

Four forms were developed for data collechon at each field exposure. The first form (Fig.
4.1) contains basic information about the site. The second form summarizes the engineenng
geologic parameters (Fig. 4.2). The third form {Fig 4.3) allows the investigator to quantify the
effect of discontinuities by conducting borizontal scanlines over a known distance and describing
in detail each discontinuity encountered. The stike and dip relative to the cut face is reconded
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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 specing™ 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 beight or height to any point on the slope if direct measurement is
not feasible.

4.2.3 Site Descriptions

Sites in the Aunstin, 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
inchaded 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 cois were
studied was contacted 1o gather peminent maintenance mformation, Standard information was
requested for each site including the following:

» Age of cug;

» 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 uhsor lorat

4.3.1 Background

Geotechnicel 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, uniaxizl compressive strength, bed thickness and discominuity
information, and to retrieve samples fer laboratory testing. Drilling operations were conducted in
accordance with standard practice in Texas. Hence, the core gquality was comparable to that
expected if TxDOT conducted the work or contracted out to local private firms. Currently, the
Austin District contracts their core drilling work to local consultants, while the San Antonio District
possesses its own drilling equipment and crews. In accordance with accepted practices, dnlling
was performed with a double-tube core barrel equipped with an NX-size (50 mm) diamond insert
cotting bit for the Glen Rose and Edwards Formations, or a magsten-carbide bit for Austin Chalk.
The same crew, equipment, and rig wes used for all coring 1o attempt to minimize the varability 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 smdied for this projest.

4.3.2 Case-Stundy Sites with Rock-Nailed Slopes

Three sites located in the three main geologic formetions studied (Austin, Glen Rose, and
Edwards) were selected for core dnlling (Tables 4.2, 4.3 and 4.4). Two borings were drlled at
each site to a depth of approximately 12 m. All three sites have near vertical cuts. At each site, a
portion of the rock slope is suppored by rock nails (e.g., at 2 bridge sbutment) while the
remainder is not supported. An attempd was made to locate the borings as close o the edge of the
slope crest as possible. The field boring logs are included in Appendix C. A summary of periinent
site feafures is presented in Table 4.5, and plan and cross-section views of the sites are shown on
Figs. 4.5 w0 4.7.

Site 1: The first case-stdy site is a 10.5-m high cut in the Glen Rose Formation along
BM 620 near Mansfield Dam (Lake T-avis), west of Austin (Fig. 4.5). The cut on the west side of
the road 15 unsupported, while that on the east side is supported with rock nails. Onpe borizg was
drilled gbove the unsupported cot and one above the rock-nail wall. Below the top 2 o 2 m of
weathered rock, core recovery was 100% and RQD's ranged from 63 to 100 with an average of
84,
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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 cot. The cut
is supported with rock pails beneath a bridge abutment and unsupported elsewhere. Core TECOVEry
varied from 79 to 100% and RQD's ranged from B to 100. Borng No. | was started with a
carbide bit and RQD's of consecutive core runs 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 th'.;'_‘.
two borings, neglecting the portion drilled with the carbide bit, was 87.3, |

Site 3 The third case-smdy site is a 5.5 to 8-m high cut located along Loop 1604 at the
Biners Road underpass in San Antonio (Fig. 4.7). Vertical cuts were made along Loop 1604 o
depress the rpad below Biters Road. Rock nailed walls were installed under both bridge
ahutments. Ourside of the bridge area, the cuts are lefi 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 namre 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 abpratory Testin

Laboratory tests wera perfaormed on samples from the road-cut sites, The objectives of the
testing program were (1) to quantify 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 caore
samples from the case study sites. The following tests were performed: water content (ASTM
D2216-90), calcium carbonate content (ASTM D4373-84), slake durability (ASTM D 4644-87),
splitting tensile (Brazilian) strength (ASTM D 3967-92), unconfined (uniaxial) compressive
strength {ASTM D 2938-86), moduli of elasticity in uniaxial compression (ASTM D 3148-93),
ultrasonic determination of elastic constants {ASTM D 2845-90), and Moh's hardness (Institution
of Civil Engineers, 1976). The iaboratory test results are presented in Appendix D.
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Table 4,1. Breakdown of Roadway-Cut Sites Observed

i

TxDat Dbstrict Glulng’i: Formation Field Iovestigator
and Nomber of Sites
Aushn Glen Rose: 137 simes Young, Galvan
Edwards: 2 simes
Dinllns Aostin Chalk: 5 siies Galvan
Fr. Worh Winchell"Wolf: 1 sim Galvam
Comaenche Pesk: 1 ste
San Antonio Glen Rosa: 19 sites Young
Edwards: 21 sjies
Table 4.2, Austin District Sites
Bite Location Couniy Geologic H L Layback | Method
Code Formation | {m} {m} Aogle of
[ Support
360- ] Loop 360, N. of RM 1312 Travis Epr 22.5° | 300 L fans
160-2 Laop 360 at RM 1244 Travis Kad, Fowa, 743" | as0 10-12 Mane
Kgr
3603 Loop 360, 1.6 km M. of Wild Travis Kar 6.6 117 3 Hane
Sasin Road
§20-1* | RM 620 st Mansficld Dam Travis K 0.3 |29 [R5 e
620-2 | RM 620 So. of Lekeway Travis B 3" 73| 180 TR
2244-1 | RM 2344 ar Crysenl Creek Rond | Travis K 6.6 |111 -4 i
27443 | RM 244 at Addie Roy Rosd | Travis [ 54 |18 | D Nans
SWE-1 | Southwest Parkway, east of US 71 | Travis Kpr 7.5 | 330 12 fim
SRE-1 Steiner Ranch Road at Quinlan Travis Kar g |68 B-11l Naoe
Park Raad
An-] RM 2322 hetwesn Loop 360 and | Travis Kar 15 >] kam | <14 Hitie
Mopao
A2 HM 2272 ar | oop 360 drpipge Travis e 7.5 45 3 Pione
chinoeal
Au-d Leke Georpetown spillway Williamsan | Ked 14 1.6 H Téons
km
An-d LIS &7 month of Mason Masne Kt 12 110 | B8 i

Meres: ® indicates case study site, ® indicates benched cot, Kpr = Glen Rose Fn., Ked = Edwands Fm.,

= Walnut Fm., H = maximum height, L = total leagth of slops

Kwm




Table 4.3. Dallas and Fort Worth Dhstrict Sites

Bite Location District | Coonty Geologic H L | Layback | Method
Cade Formation | (m) | (m) | Angle of
[ ) Support
D-1 Loop 303 e of Loop 12 | Dallas Daliss__ | Austio Chalk | 4.5 | 61 | 9= Hows
D-2* [H 30 ot Hampton Road | Dalles Dalias Austin Chalk | & 20 | vens qu?ﬂ-.r
D-3 [H 30 at Loop 12 Dallas Dallgs Austin Chalk | 11 [ 150 i
D-4 FM 1382 , Cedar Hill Dallas Dallas | Austin Chatk | 11 |60 J13 Thon
D-5 Merw Clark Fd. at FM Dallas Dallzs Austln Chalk | 12 73 L Bona
1383 j
FW-1 1S 377 berween Grastury | FL Weonh | Hood Comanche 55 | 136 | U Noas
and Cresson Peak
. FW-] SH 16 wesiof SH 337 FL Worth Palo Winchell, a0 | S04 | B Moae
Pinto_ Wall ML

Notes- ® indicates case study sit, ® indicates benched cut, Kgr = Glen Ross Fm,, Ked = Edwards Fm., Kwa
= Walnut Fm., H = maximum height, L = tota] length of slope
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Table 4.4. San Antonio District Sites
Site Location Connty | Geolagic H L Layhack Method
Code Formailion | {m} | {m] Angle wf
) Suppart
281.1 | US 381, §. of Cibolo Cresk Comal | Kgr & 176 Hone
181-2 | US 281 ai Belverde Estes Comal | Ear 7.5 15611 s
181.3 | US 28] just 5. of SH 44 Comal Kpr 10,5 [375 | 2 Kane
2814 | US 281, 7.9 km 8. of Guadalupe Comal | Kgr 45 |[188 ] Hane
River
[381-5 | U5 281 just N, of 3812 Comal | Kpr 9 33p | M Hane
1376-1 | M 1376 N. of Bosme Kendall | Xms 13.8 [ 138 | Feis Hane
1376-2 | FM 1376 5. of FM 473 Kandall | Kpr 3 7 | 8 Rarie
i-19-5 | IH-10 near Fh 389 Kendall | Xer 7.8 1137~ iiirs
3723-1 | FM 2722 bown. FM 2673 and 5H 46 | Comal | Xer 18.3 (108 [ " Rane
1673-1 | FM 2673 ot FM 3722 Comal Kar 7.3 [1gg [P M
[ 3159-1 | FM 3159 N. of 5H 46 Comal | Ked 5 360 [ 5 Faie
I-10-1 | 08 km E of 5H 16 Kerw KediBg 22" | 300 Hiooe
[-10-2 | 2.4 kmE of 5H 16 e Ked 7.5 [m6 [ Nuge
[-10-2_| IH 10 at Cypress Creek Kew Ked/Kpr 21" | 30 | vine Faae
I-10-4 | TH 10 just wesl of Cypress Cresk | Kerr Kel/Kgr 16.5 | 300 | 1012 Rane
I-10-6 | IH 10, L6 km W, of SH 16 Kerr Ked 21° |1o3® Rane
J-10-7 | TH 10, 1.6 km W, of EM 783 K Eed 5.5 180 | @ Nane
1-10-8 | 1M 10 jest E. of FM 1338 Ko Ked/Her 14 ipg | W pei
1-10-0 | 1H 10 in Gillespie Co. Gillespie | Ked 7.5 (380" o
1.1 5H 41 at SH 17 Ker Ked 10.5 | 300 | © Mome
187-1 | FM 187 M. of Last Maples Staie Bandesz | Ked T £ T B FOm.
Paik
337-1 | FM 337 ar Mill Cresk Banders | Ked/Kgr 18 [185[ 1 it
337-2_| FM 337, top of Mill Creck Pass Banders | Kl 7.5 | 1so | 10 Noae
470-1 | FM 470, Tarpley Pass Banders | Kgr 16.5 | 293 | ¥4 Nows
211-1 | §H 211N, of FM 471 Mefies | Ked Tl 7T o
211-2 | SH 211 N., of Baxar Co. line. Bexar Kierd it [sso ] .
211-3 | 5H211 5 of SH 16 Bexar | Ked 30* | 430 | N o=
12831 | FM (283 s CR 70 Medies | Ker 15 (3" Wiwe
1283-2 | FM 1283, 1.4 km 8. of Park Road | Medina | Ked 10.5 | 170 | 102 Nane
317
173-1 | PM 173 5. of Bandera- Medina Co. | Medinn | Kod 15 330 | 1 e
lin=
5.1* | Loop 1604 ot Biniers Road Bexar Ked 3 :i B ffﬂn“‘n:}
5.3* | Loop 1604 m Gald Canyen Rosd | Besar | Eod 5.5 |a00 | ecdabie)

Notes: * indicates case siucly site, ® indicates benched cor, Kor = Glen Rose Fm., Ked = Edwands Fra., Kwa
= Walnut Fmi,, H = maximum haight, L = tolal length of slope
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Table 4.5 Summary of Case-Study Sites with Rock-Nailed Slopes

Sire R.M. 620 West of LH. 30 and Hempton Bd, | Loop 1604 and Bitters Rd,
MansSeld Dam i
Geologic Formation Glen Fose Limestone Austin Chalk Edwards Limnestone
A e of Wall & mo Syears 5 ypars
Method of Excavation Ripping Mot Aveilahls Bissting. Pre-Split
Heaipht (m]) 10 6.1 9
Faca Soike ME&3"E M O0°E N4
Layhack ¥ Vares from 07 to 15° i
Mail Type Girnde 60 Dhywidap Cmde 80 Dywidag Cirade 60 Dywidag
threadhar, epoxy coated lreadbar, spoxy coated threadber, epoxy couted
Nuil Spacing {m} 1l5H, 15V 1.3H 1.5V LSH15Y
Nuil Length {(m) 7 4.5 [}
Facing Typa 100-mm ponite with 6x6 | 100-mm gunite with &xb 100-mm gunits with &b
No. 6 WW mesh No. 6 WW mesh No. 6 WW mesh
Dminage 300-mm wide mat st 3m | 300-mmwidematat Im | 300-mm wide mat at 3 m
1 CEnbEr On CEnisr ol canler
External Loads 2H:1V Backfill Bridps Traftic Bridge Traflic




Dimensions and Orientatien:
Toal Height {fuk:

General Esxposure Description

Lateral Extent {fi}:

Benches: Hezighs
L1

Width

L2

L3

Face Drisntation:
Strikaidip

TxDOT Rock Mass Field Description Cade Tae:
Formation; Page _of _
Location:
I TaDOT Diserien:
E.I:.'I.'.I{H_T
Profike Skesch Plan Skeich

Cachment Desedptan:

Artificial Support:

|Method of Excovation (iocl. effects)h:

Age of Exposare:

Vegeistion Effecrs:

Elav, (I

Elevarion (ft) looking ___

Fig. 4.1, Feld Form for General Exposure Descriplion.
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Summary of Engineering Geologic Data

Jaint Description Sammary

TxDOT Rech Mass Field Description

Tor
Page: ___of
Code:: _

Ser # Serike Dip |Roughness |Separation/ |Parsistence |Weathering Remarks
Filling

hUthtr Stroctural

Fearure |Strike Dip Condition | Persisience Remarks

Tainis?

Debris!

Data:

Bedding Description:

Oecoasional Random

Weathering/Erosion:

Form of Slope Failure/Degradation:

LM:im:nnm:t Recond:

Avallable Geotechmical

Fig. 4.2. Field Form for Summary of Engineenng Geologic Lara,




amh of scanline ...
af seanlins

x0T Rock Mazx Field Dedicriolion E::I:l
Scanline Descriptions
orizontal Scaoline Number: Page, __ o __

rizontzl Locedon (locsie om sketch):
ight above base of eor {fu):
[ wfin one layes, bever thickness:

s o e — -_—

400 0450 1400
Scantine Sketch (include seepage locations}
Debriz Description
T E B [=mike w1 1o expmus Tl wir &0 EXposur= TPemm Condmon
20 1043 [99E0  [RL |20 ] o045 [4550 L]
e
3
L)
B
-
5
1t
11
13
[E]
13
LT AppaIEan GRAZINg True Specing
{Afscan keagrh} {Alszan length}
i
b
k|
[
1

F'ig-ﬂf. ield Form for Scanline Descriptions.
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T«THYT Rnork Aage Fisld Teserintion g;;- S ooz ®
Page: _of
Scanline Descriprions
[Vertical Scankine Number:
Scanline Location (show on skeich);
eleghr of Scaeline (AY:
oth of Scanfinedfry:
it
T Sepa Hogd = (] g o "sm [l -1
" 2inja-Bf
Ng Description
Scanlipe Sketch
Samples:
Est, ROD: .
Fracture; Frecuency:
Bcanline Information:
obs # Sin. He SLrike WIT 10 SXpURuIe Dip wir Lo exposure PeraL Cendn
w20 J2023 J43-90 20 |04 [a5-00
|
2
E]
a2
]
8
T
B
9

Fig. 4.4 Field Form for vertical Scanlines and RQD Estmate.
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Fig. 4.7 Plan and Cross-Section View of Case-Study Site 3 (Loop 1604 at Bitters Road)




CHAPTER 5. PERFORMANCE OBSERVATIONS

f

5.1 Introduction ]

Performance of the study sites was based on visual observations by the arithors 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 rockfall potential and catchment adequacy. Several quantitative rating
schemes are developed and applied to charactsrize slope performance: a stability rating, &

maintenance rating, and a catichment adequacy rating,

S ndes ailure in ck Slopes

A brief discussion of the modes of failure in rock slopes is necessary before describing the
field observations which included the predominant ohserved failure or potential fajlure modes. The
term “failure™ is used in a broad sense to include all forms 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 strength 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 fzilure i5 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 strength 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 strength along this surface is reduced. Lateral
movements that oceur 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
eriented 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 silistones.

36
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Toppling is possible in flat lying rock if there are other ciosely spaced, steeply dipping
discontinuites that are oriented in the same direction as the slope face,

Raveling: Raveling 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 fallure observed duning this project and &t 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
gualitatively, the performance of the slope, by noting information such as: type of slope failure or
degradation, type and size of debris, catchment description, &nd 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 anything less than
the full slope or bench height (in the case of benched cots), and global denotes a failure that
extends the full height of the slope or bench.

5.4 Visunal Stability Rating

During the field observations, a subjective visual assessment of stability 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 minimuem value of 0 corresponds to the poorest
performance. Identification of the original face was straightforward in most instances because the
mejority of cuts were excavated by pre-splitting. This procedure leaves half-casts as evidence of
the shot holes used for explosives along the excavaled face. In the small number of cases where
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the cut was not presphit or where there was no evidence of pre-splitting, a subjective estimate of the
original slope face was meade. Sites in the BEdwards and Glen Rose Formal:iong were assigned
VSR values (Tables 5.1 and 5.3); msufficient 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 cuis were studied
was cantacted to gather historical performance information and maintenance reguirements of each
site. This information allows a comparison between sites with different conditions and possibly
some geperal characterizations that will help predict the performance of future cut slopes. The
results of the meintenance surveys are given in Appendix B. One peformance measure used to
compare different 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 valee 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 summeérized in Tables
5.1 through 5.3.

5.6 Characteristics of Each Formation
Only the Edwards, Glen Rose, and Anstin Chalk were observed at a sufficient number of

sites to charactenize 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 controlled by kinematic behavior along joints, A toral 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 (11%) and planar
failure only observed at 2 sites (7%). The planar failures occurred along faults that happened
strike at about 20 degrees from the slope face at two sites in an area of Comal County where faunlts
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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
grosion. 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 guite 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 chamacterization of cut slopes in the Austin Chalk.

5.6.3 Edwards Formation

Like the Gien 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
(269%). At four of these sites, the differential erosion occurred at the contact between the FL. Terr=t
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. Terret fail in tension.
Minor, local wedge failures wers 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 pradually over time, and
scale blasting was conducted to remove the large blocks prier to seemingly imminent failure. Sinca
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.
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5.7 Catchment i

The adequacy of a slope's catchment area is determined by whether or not debris fal'ing
from the slope face reaches the roadwey, end how often. Catchments for the sites observed
consisted of many different configurations including flat, vegetated and onvegetated easements,
gentle and steep natural ditches, concrete ditches and asphalt paving extending 1o the toe of the
slope. For this project the estchment adequoacy was rated from 0 (worst) o 3 (best) according o
the frequency of debris reaching the roadway (Table 5.6). The caichment 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. Tt 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 thet is
completely adequate for the particular slope. Conversely, if the same slope is susceptible to severs
raveling, debris could quite possibly ente- the roadway.




Table 5.1, Performance Observations of Austin District Sites.

4]

Site Location Geologic | H L Type of | Scale | VSR® | MR®
Code Formtn.' | (m) {m} Failure®
360-1 | Loop 360, N. of RM 2232 Ker 22.5° | 300 RW.DE local 1 2
360-2 Loop 360 at BM 2244 Ked, Kwa, | 24.3° | 390 R local NA 01
Kegr
360-3 | Loop 360, 1.6 km N. of Rg 6.6 117 R local 3.3 3
'Wild Basin Road
610-1 | RM 620 a1 Mansfield Dam | Kgr 105 | 279 R, possible | local 4 New
DE Cut
620-2 | RM 620 So. of Lakeway Kegr g 228 R local | 3 3
22441 | RM 2244 at Crystal Creek | Kgr 6.6 111 R iocal 3 3
Road
225472 | BM 2244 a2 Addie Roy Kar 5.4 165 R.DE kocel 2 3
Road
SWP-1 | Southwest Parkway, sast of | Ker b 330 R.DE local 3 3
Us 71
SER-1 | Steiner Ranch Rond at Kgr 9 168 R.DE local 25 0
Quinkan Park Road
A1 RM 2222 between Loop 360 | Ker >15 | =1 km | RDE local 2 ]
and Mopec
Au-2 RM 2322 ar Loop 360 Kar 7.5 45 R.DE local i 0-1
drairage channel
Au-3 | Lake Georgesown spillway | Ked 14 1.6 km| R local | N/A NfA
Au-4 US E7 north of Mazon Ked 12 110 RDE local P 3
Notes:* Ker=Glen Foss Formaton, Ked=Edwerds Formation, Kwa= Walnut Formatian
* R=raveling, DE=differential erosion, Wewedpe
Wisual Stability Rating (Table 5.4)
* Maintenanes Rating (Table 5.5)
¥ indicales benched cut
N/A = Not Available
Table 5.2. Performance Observations of Dallas and Ft. Worth District Sites.
Site Location Geologic H L | Type of | Scale | MR?
Code Formation (m) | (m) | Failure!
D-1 Loop 303 en. of Loop 12 Austn Chalk, Eagle | 45 | 61 R.DE local 2
Ford Shala B _ _
D-2 IH 30 at Hampton Road Austin Chalk 120 | R local 3
D3 | IH 30 nt Loop 12 Austin Chalk, Eagle | 11 150 | CR.DE | local 2
Ford Shale
D4 FM 1332 , Cedar Hill Austin Chalk 11 (1] R local
D-5 New Clark Rd. at FM 1382 | Austin Chalk [z 13 ROE lecal 3
FW-1 | US 377 batween Granbury | Comanche Peak 55 156 | B,R Relocal | 2
and Cresson B-global
FW-2 | SH 16 west of SH 337 Winchell, Woll ML_| 20 00 | RDE local 0

Notes: ' R=vaveling, DE=differential erosion, C:»cim:lnr.E:bEDck failure

* Maintenance Rating (Table 5.4)
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Table 5.3. Performance Observations of San Antonio District Sites.

Site Location Geologic | H L Type of | Scale, | VSR® | MR*
Code Formin.! | {m}) | (m) Failure* |
281-1 US 281, S. of Cibolo Creek | Kgr 4 276 R.DE local ' |1 2
281-2 US 281 at Belverde Eslates Ker 1.5 156 RW local 2 3
2813 | US 28] justS. of SH46 | Ker 105 | 375 [RDE local |2 0-1
281-4 US 281 , 79 km S. of Kgr 4.5 189 P.R R-local | 2 1
Guadalupe River P-global
281-53 1S 281 just N, of 281-2 Kgr ] 330 PR Refoeal |3 1
P-global
1376-1 | FM 1376 N. of Bogmne Kgr 13.5 | 138 R ozl 0.5 Q-1
1376-2 | FM 1376 5. of FM 473 Kgr G 317 T,R lozal 0.5 {l
1-10-5 TH-10 near FM 285 Kor 1.3 137 R.DE | Iocal L 3
27221 | BM 2722 Ker 18.3" | 108 R, potential | R-local | 4 2
P P-global
2673-1 | FM 2673 a1 FM 2722 | Ker 75 | 180 |RDE local | 0.5 2
3159-1 | FM 3159 N. of SH 46 Ked 8 0 |R lozal 4 2-3
F10-1 | 0.8 ki E, of SH 16 Ked/Ker 22" | 300 R, lozal 4 1
DHE(Kar)
1-10-2 24xam E of SH 16 Ked 1.5 216 R Incal 3 2
103 | IH 10 at Cypress Cresk Ked/Kgr 21° [ 380 R(CDE Iozal 1 1
Kgr
1104 | 1H 10 W of Cypress Cr. Ked/Kar 165 (300 |R Incal 2
1-10-6 IHID, 16k W, of SH [6 | Ked 21 105 R Iocal L) 2
[-10-7 | T 10, 1.6 km W. of FM 783 | Ked 55 | 180 | nome N/A 4 3
L-10-8 | IH 10 just E. of FM 1338 Ked/Ker 24 | 38 RW.DE local ] 1
I-10-5 IH 10 in Gillespie Co, Ked 7.5 | 360 R loeal 3 3
4}-1 SH 41 at SH 27 Ked 10.5 | 300 R lozal 3 '
187-1 FM 187 N. of Lost Maples Ked 15 TR R lneal 35 3
337-1 FM 337 at Mill Creek RedKgr 13 195 R, T{Ked) R-local | 1.5 Q
DE(Ker) T-giobal
3372 FM 337, Mill Creek Pasg Rad Ted) 191} R Incal 3 1
470-1 | FM 470, Tarpley Pass Ked/Kpr 165 1293 | R (DE-Ker} [local [0S 2
211-1 SH 211N, of FM 471 Eed 0 300 R Incal 2 3
2112 SH 211 N, of Bexer Co, lina | Ked 17" | 550 R local 25 3
211-3 SH 211 S, of SH 16 Ked 30" | 420 IR local 2.5 2
1283-1 | FM 1283 ar CR 2'M) Rer 15 | 225 R local 3 3
1283-2 | FM 1283 1.4 ken S of PR 37 | Ked 105 [ 170 | R local 3 2
173-1 FM 173 § of Banders- Ked 15 330 R local 35 3
Medina Co. line
S-1 Loop 1604 at Bitters Road Red 2 >2km | R locil 3.5 2
[ 82 | Loop 1604 at Gold Canyon | Ked 55 a0 [R iocal | 4 3

Notes: ! Kgr=Gilen Rose Formation, Ked=Edwards Formation
*R=raveling, W=wedge, DE=diffarential erosion, T= toppling, P= planar, C=circular
* Visual Stability Rating (Table 5.4)
‘ Maintenance Rating (Table 5.5)

b indicates benched eur
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Table 5.4, Vizual Stability Rating Scheme Based on Remaining Percentage of Excavated Face

Visual Percentage of |
Stability Original

Rating Excavated Face

(VSR) Remaining
less than 25%

25 to 50%
500 75%
75 to 3%
greater then 90% |

Faf U B e

__Table 5.5. Maintenance Rating Scheme Based on Maintenance Frequency.

ee of Local Maintenance ‘Maintenance
Stability Rating Frequency
___(MR)
Unstabie; frequent 0 > 4 tmes per yr

maintenance, wides
degradation or localized

failures

Partially Stable;, regular I 210 4 times per yr

maintenance required

Stable; some debris, regular | 2 1 time per 2yt to 2

bt i uent maintenance times per yr
ompletety Stable; little iff | 3 < 1 time per 2yr

any degradation, little

mainenance

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

Adequacy Reaching Roadway
0 >4 LImes per year
1 | to 4 times per year
2 | time 1 10 years to 1 time per

year
E None to | time in 10 years




Table 5.7. Catchment Information for Auostin, Dallas and Ft. Worth District Sites.

Site | Slope Horizontal Catchment Description' | Catchment | WJ/H,?
Code | Height | Distance from Adequacy
{im) | Toe ta Pavement Rating’
(m}
360-1 | 22.5% 4.5 geatle ditch 2 0.20
360-2 | 243* 7.5 gente ditch 0,3 0.31
360-3 6.6 7.5 flar, grassy easement 3 114
G20-1 10.5 7.5 ntle ditch 3 0.7
620-2 |9 6 flat, grassy easement 3 1.0
2244-1 | 6.6 3 flat, grassy easemnent 3 0.45
22442 | 5.4 4.5 gentle, grassy dikch 3 0.82
SWP-1 | 7.5 3 shallow rip-rap lined ditch 3 0.40
SRR-1 |9 1.3 grussy easement slopes toward | O 020
madway
An-] 15 1.Bto3 varies from gentle to steep 0 0.12-
ditch .20
Ay-2 7.5 N/A, slope Is in NiA N/A N/A
draipage channs|
Al-3 14 >15 flaz easement 3 >1.10
Au-4 [2 1.2 steep, gragqy ditch 3 0.1
D-1 4.5 1.8 fla1, prassy eascmant 1. 3 {340
D-2 ] 4.5 flat, grassy easement 3 0.75
D-3 11 no informaticn no information 3 -
D=4 11 4.5 fla1, grassy casement Na -
information
D-5 12 4.5 fint, pracsy easement 3 0.38
FW-1 5.5 9 gentle, grassy ditch 3 1.63
2|20 3 (pelor o re- flal easzment 0,3 0.15
excavation), 45
{afier)
Notes: 'Catchmant Description: genile = ditzh slope flatter than 4H:1V, steep = ditch slope stesper than
4HIV

* Catchment Adequacy Rating (Table 5.6)

* Ratio of catchment width 1o slope beight (or height of lowest bench)

" Indicates benched eur

" Catchment adequacy pricr to comective maintenance to catchment or slope {e.g., benching, guard
rail, re-excEvation)



Tahle 5.8. Catchment Information for San Antonio District Sites.

Notes: 'Catchment Description: gentle = dilch slope flatter than 4H:1V, steep = ditch slope steeper than

4H:1V

? Cacchment Adequacy Rating (Table 5.6)

Site Slape Horizonial Catehment Catehment | W_H,”
Code | Height | Distance from Deseription’ Adequacy
{m} Toe to Rating’
E:rtmem {m}

| 2B1-1 6 6 ET 5V ditch 3 1.00
3612 | 75 Tl gentle. grassy ditch 3 0.80
2E]1-3 10.5 (] gentle, prassy ditch 3 057
2814 | 4.5 66 gentle ditch 3 1.47
2R1-5 q 1.5 flat easement 3 (.83
13761 | 135 3 flet casement 1 0,22
13762 | & a0 pavement extends to slope | O [+
I-10-3_| 7.5 17 fat, grassy anjsmant 3 227
FT2-1 | 183" g flar asement 1", 3 0.49

| 2673-1 | 7.3 3 gentle dich 1 0.40
3139-1 | & 15 {lat, grassy casement 3 1.25
I-10-1 6.6 7.5 gentde, prossy dieh 3 1.14
I-10-2 | 7.5 _4.B gentle ditch 3 {0.64
[-103 | 5.4 7l gentle conerete ditch 3 1.39
1104 | 16.5 f gentle, prassy diich 3 .36
106 | 21 fi flet easemant 3 029
1107 | 5.3 1.5 zentle ditch 3 1.36
L108 | 24 12 gentle ditch 3 0.50
I-10-58 | 7.5 7.5 fiat casement 3 1.00
£]-] 10.5 g flat, prassy cassment 3 0.86

| 187-1 15 1] pavemen! &xtends 10 sloge | 1 i
337-1 18 #] pavemeanl exlands (o siope | 0 1]
3372 1.5 3 genlle ditch 3 0,40
4701 16.5 4] pavement extapds to slope | 17,3 (i
211-1 | 6 33 geotle concrete diich 3 0.65
2112 | B* & steap ditch 3 1,00
2113 | 5.1 75 gentle concrete ditch 3 1.47
12631 | 15 75 flat ensemer 3 0.50
12832 | 10.5 v} aa-ﬂllu- ditch 3 1]
173-1 15 0 pevemeant extends fo slope | 3 0.56

{sloping toward slope}

§=1 ] 4.5 gentle, grassy dich =1 -
5-2 3.5 no information 10 information . RN i

45

? Ratin of catchment width 1o siope beight {or height of kowest bench)

¥ Inficates benched cut

" Catchment adaquacy prioe o sorractive maintenance 1o calchment or slope (e.g., benching, guard
rzil, re-sxcavation}
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Fig. 5.2. Example of Wedge Failure in Glen Rose (Site 281-2)
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6. PERFORMANCE ANALYSIS

6.1 Introduction ;

The performance the 53 rock-cut slopes described in Chapter 4 and quamifée:d in Chapter 5
is analyzed in this chapter. Comparisons are made between the observed performance and that
predicied by conventional rock mass clessification schemes. The weights applied to different
parameters in the classification schemes are examined. Additonal 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 chepter are presented in Appendix
E.

6.2 Factors Affecting Performance

The percentage of total sites within a given geologic formation exhibiting the varicus modes
of failure or degradation is shown on Fig. 6.1. Tt should be noted that meny of the slopes
exhibited more than one failure mode. The predominant mode of failure for all three formations is
raveling,. The two formations contaiming interbedded softer marl layers (Austin, Glen Rose)
contained a significant amount of slopes exhibiting differential erosion which produces cantilevered
situations where resistant layers overlying erodible material are undermined and break off due to
loss of support. Less than 15 percent of the sites in each formation exhibited the classic kinematic
modes of failure such &s planar, wedge, and toppling.

The possible factors affecting performance were chosen with the predominant modes of
failure as & basis. The potential geologic, geometric, and environmental factors are summarized in
Table 6.2. The Rock Quality Designation (RQD) is defined as the percentage of the core run length
that is in pieces 100 mm or greater in Iength. The Degree of Differential Erosion (DDE) is a
measure of the erodibility of certain layers. It is defined by the distance back from the face that
erodible layers have retreated. The degree of erosion was cetegorzed 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.

48
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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 stopes by including factors
for joint 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
camprehensive synopsis of these classification systems. The tables used for the classification
procedures are presented m Appendix E.

Average RQD values for the sites were estimated visually in the field or calculsted from the
results of borings for the case-study sites {Appendix C). The RQD values are listed in Tables 6.3
through 6.3 for the Glen Rose and Edwards sites and wers 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-sstimated values, Uniaxial compressive strength (UCS) was used in the
rock mass classification schemes and was estimated based on local UCS dama (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 mardy
layers which are more susceptible to erosion than the harder limestope and dolomite layers., By
conducting tests on both types of materal, it was possible 1o determine the difference in sleke
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 throngh 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 'mth mainienance
persannel from the respective maintenance sections. The presence of seepage was noted during the
field reconnaissance. These two factors are noted in Tables 6.3 throngh 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 O degrees (map north) clockwise until the open face of the slope is encountered (Fig. 6.2).
For example if a slope strikes N435E and the slope faces the northwest, the orientetion would be 435
degrees. If a slope trending in the same direction faced open to the southeast, the orientation
would be expressed as 2235 degrees, See Figure 6.2. With this defmition 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 Visnal

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 slaks durability between non-eradible
and erodible layers showed a prenounced relationship with VSR (Fig. 6.4) and DDE. In general,
slake durability differences of more than 20 w 30 percentage points indicate large degress of
differential erosion (DDE = 2} and poor performance according to VSR (VSR < 2). The presence
of seepage tends to increase the degree of differentiz] 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 definitive and there is much scatter, The RMR and SMR
include several different factors such as uniaxizl compressive strength, RQD, joint
spacing/condition, 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
significant effect on the Maintenance and Visual Stability Ratings (Figs. 6.6 and 6.7).
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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 o assess performance appear to control the acieal pecformance 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 all factors, including the RMR and SMR classifications, are
contained in Appendix E.

6.3.3 Austin Chalk Sites

Since only five sites were observed in the Aunstin Chalk geologic formation, insufficient
dara were available for analysis. However, the Austin Chalk has a similar lithologic character o
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 parformance 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 favorabie 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 Analysis

The adegquacy of the catchment areas was evaluated using a caichment adequecy rating
factor based on the frequency of rockfall reaching the roadway (Table 5.6). The carchment
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 W_H,. 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 vanability in catchment shape. The solid
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paints represent the average W /H, ratio at each adequacy category. The curve does not go through
the point at an adequacy rating of 2 becanse there is only one data point. While tpﬂe is scatter in
the data, a reasonable conclusion would be that a catchment width of at Jeast U.SH:, where H is the
slope height, would be necessary to achieve the best calchment edequacy 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 t2s1s by rolling hard, basaltic rocks doﬁ'n
slopes of different geometries and produced design charts for catch ditches with varying widths
and depths as a function 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:1V (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:1V. Catch ditch configurations varied
from flat to 6H:1V and 4H:1V (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
various degreess of retention. Charts for retention rates varying from 30% to 100% are provided
(Piersen 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
100 percent of the rockfall is uneconomical and recommended a 909 retention rate for design, He
implies that a 50 to 95 percent retention rate is probably most appropriate. For exampie, consider a
an 18-m high slope with a ditch width of 7.2 m and & 6H:1V ditch slope, which corresponds to
W/H, = 0.4. The catchment would theoretically be sufficient to carch 90% of rockfall (Fig. 6.9).
However, if 100% retenton was desired, the ditch width would have 1o be increased to 14.7 m,
requiring an additional excavation of 135 cabic meters per meter of slope length. The majority of
the catchments observed for this project in Texas were either flat easements or gently sloping
ditches (4H:1V or flatter).

A comparison of the design values from Fig. 6.9 with the actmal catchment widths was
made to assess the applicability of this design method in Texas. The results are tabulated in Table
6.7. The minimum slope height in the design charts is 12 m and unfortunately, only 12 slopes met
that criteria. The 4H:1V 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
adequecy ratings less than 3 bhave catchment widths less than the recommended design values.
Hence, this proposed design approach scems to be appropnate for Texas rock cuts, Note slopes
with catchment adequacy ratings of 3 have ditch widths thst are both greater and less than the
design width. This result illustrates the influence of slope performance on catchment adequacy.
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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 rockfall potential, much more data is needed to access the applicability
of the ODOT procedures,

6.5 Performan f Nailed Slopes

In the short times that the three case-study slopes with rock nails (Table 4.5) have been in
plece, they have perfformed 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 unsupporied 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 maximuom rating is 4). The unsupported slopes near
the nailed bridge sbutment at Case-Study site 2 (IH 30 ar 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 anributed primasily to the facing
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
the slope straligraphy, 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 & whole. This does not mean that a
particular Slope does not degrade over time because most slopes do. However, when the Visual
Stebility or Maintenancs 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 and/or other geologic factors such as RQD, joint spacing, joint conditions, water
presence, etc. between sites. The predominant failure modes are raveling and raveling/lock fall
due to differential erosion. A very limited nixmber of sites exhibited classical kinematic type rock
slope failures such as toppling, planar, wedge modes. These failures or potential failures can be
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 Im) vertical joint.ﬁ oriented nearly
paralle] to the slope face. The site exhibiting 2 classical soil-like circular slump failure was located
in the San Antonjo District (site I-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 dam
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 ercsion 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 plenar type failures were not observed. However, failures of
this nature are certainly possible in areas where faults gre 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.



Table 6.1. Summary of Potential Factors Affecting Performance.

Type of Factor Factor Source of Information
Geologic Geologic formation field reconnaissance, maps
Average RQD core dolling, consultant's
liternturs
| Joint spacing and condition | field reconnaissance
Rock strength lab tests on core,
consultant's literature
Slake durability l=b tests on core and grab
samples
Gearmerrie Slops odentation field reconnaissance
Slops Angle field reconnalssance
Slope Height fiald reconnaissance
Degree of Differential freld reconnaissance
Erpsion
Environmensal Slope Age Inlerviews, consirection
documents
Rainfall, temp, variations, | National Weather Service
and fresze occumencss
Secpage field reconnaissance

Table 6.2. Degree of Differential Erosion.

Degree of Magunitnde of
Differential Erosion From
Eroslon Slope Face
(DDE)
] less than 0.3 m
1 0.3 o 0.6 m
2 0.6 m or grealer

a3



Tahle 6.3. Performance Analysis for Glen Rose Sites.

Site | H |Age| 2 ([Seepage| Slope |DDE'|Avp.|VSRFMRE| Avp.| Avg.
{m) | (yr} |Slake' Orient.’ ROQD* RMER’ | SMR*
360-1 225810 [12%  [VES 180° 2 o | 2 fe8s s
3650-3 |66 |18 NO 235% 0 20 [535 [3  lee T4.5
620-1 J10.5 |1 {23% [YES 790 0 34 |4 3 s le72
a2 Jor 9 | B8] 155° i 0 (3 .l 71
166 7 3% [NO 240 il 615 |3 3 iz m
12442 |54 |7 |s% |YES  [a50f ] 825 [2 [ M 11.6
SWP-1 7.5 |8 8% IND 180" 05 s I3 B Im 81
: YES s 2 635 (25 Jo  |s85 [543
AT 1.5 D 1 P
AU2 175 |s5 [se®m  [YES sO° 2 67.5 |1 i
W J6  [32 YES  |165° 2 ls2s 1 Ja Tss  |ss
281-2 7.5 |32 NO P 0 EIRE 3 _EE 65
281-3 s I3z fem  [yES 197 2__ o 2 jos Jeo Jeo
281-4 J4.5 |32 ME®  [NO 180F 0 65 |2 1 |as 49
281.5 (9 |32 IE (2007 0 95 13 1 |67 57
1376-1 [13.5 le0 YES [ 0 50 los  los Jas a4
13762 J&  [40 55° i 70 jos F.:n 30
LIS 175 125 [39% imu 160° 2 §2.5 |1 3 a7 66
27221 |10.5"15 MO 168 o 62.5 |4 1 |2 |13
2673-1 [7.5 |25 ND |s0 1 625 Jos [z [s8 36
12831 1519 “Ino 195° p &8 13 13 In 3
Mean 9.2 |20 g.7 (7o (2.1 1.5 lss 2
sed. 4.5 |13 0.9 e (1.1 1.2 Fr.a 16
IV,

Notes: 'Difference in Slake Durability hetween Erodible and Non-Eradible Leyers
*Slope Orientation (Fig. 6.2)
*Degree of Differential Erosion (Tahle 6.2)
*Rock Quality Desiznation
*Visual Stahility Rating (Tahle 5.4)
*Maintemnce Rating (Teble 5.9)
TReock Mass Rating (Bienswski, 1973}
YSlope Mass Rating {(Romanz, 1993}
"Indicetes benched cut




Table 6.4, Performance Anelysis for Edwards Sites.

Site | H |Age |Seepage| Slope |[DDE[Avg.|VSR|MR®| Ave. | Ave.
(m) | (yr) Orient.! ROQD| REMR* | SMR’

ALY |14 |22 [NO 0 57.5 61 53
A4 |12 [42.5 |NO 145° 0 70 3 |68 58
3159-1 |6 17.5 |ND 225° 0 an |4 25 |76 66
Llo2 |75 |25 |NO 1007 0 80 |3 2 66 |60
Lies |21 25 |No 270° 0 85 |4 1 |76 71
107 155 |25 [INO 120° 0 80 |4 3 76 [
1109 175 |25 [NO 285° 0 20 |3 |3 |55  Iss
41-1  hos [27.5 [ND 255* 0 N E 2 |65 la3
187-1 15 |30 [NO ¢ 0 925 |35 |3 B8 98
3372 [7.5 |20 {oge 0 775 |3 1 76 75
211-1 |6 I3 25° 0 30 1 3 62 70
2112 |6* |3 235° 0 405 |25 3 J&s |4
211-3 51" |2 YES 1408 i 60 25 |2 |73 74
12832 [10.5 |19 [NO i i 75 |3 2 |12 75
1731 |15 |30 N 350° 0 35 [35 I3 |4 74
S-1 E 10 722° 0 25 (35 |2 |68 68
s2 JIss [ NO 0 60 |4 |E] 62 62
Mean |9.6 |19 64 3.2 2.5 |69 71
crd.  [4.5 12 23 [0.7 Fl.ﬂ 7.9 |98
dev.

Nates: ‘Slope Orientation (Fig. 6.2)

*Degres of Differential Erosion (Table 6.2)

*Rock Quality Designation
*Wisual Stability Rating (Table 5.4)
‘Maintenance Rating (Table 5.5)
"Rock Mass Rating (Bienawski, 1973)
"Slope Mess Rating (Romana, 1993)
"Inclicates benched cut

37
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Table 6.5. Performance Analysis Sites with Edwards Exposed over Glen Rose,

Site | H (Age| A (Seepage| Slope (DDE!|Ave.|VSRI|MR®| Avp. | Avg.
I (m) | (yr) |Slake Orient.’ RQD* RMR™ | SMR®
F—iﬂ-l 6.6% [25 5%  |ves 160" 2 |#25 |4 3 7’ [ss
F10-3 |54 [25  [63%  |yes |oe z 375 |1 1 |s6 65
I-10-4 [16.5 2%  Ino 27" | iB25 |3 Fl B0 29
108 [24 yes 280° 2 s |3 1 [82 &7
3371 |IR i) o i B0 1.5 |D 8 in
a70.1 165 30 Jaas Tye : 2 fass Jos J2 56 Tse
(Mean |15 [25 1.7 |71 2.2 #f.i 7l 7z
std, |72 3.2 8.5 (23 1.4 0.8 [10 I3
dew,

Motes: 'Difference in Slake Durability berween Erodible and Non-Erodible Layers
'Siope Orientation (Fig. 6.2)
*Degree of Differential Erosion (Table 6.2)
‘Rock Quality Designetion
"isoal Stehility Rating (Table 5.8}
*Muinténance Reting [Teble 5.5)
"Rock Mass Rating (Bienawski, 1973)
'Slope Mass Rating (Romana, 1993)
“Indicaes benched cut

Tahble 6.6. Companson of Average Performance Factors and Measures,

Formation Avg. | Avg. Avg, Avg. Avg. | Avg,
ROD'| DDE' | RMR* | SMR® | VSR® | MR*
| Gien Rose 59.5 0,7 G4.8 61.7 2.1 1.8
Edwards 4.0 0 604 Ti.3 3.2 25
Edwards/Glen 0.7 1.7 1.3 TL.6 2.2 1.5
Roxe

Moies "Rock Quality Designatjcn
*Dearee of Differential Ersion (Table 6.2)

*Rock Mass Rating (Bienawski, 1971)

Slope Mass Rating (Romana, 1903)
*Wisunl Stability Rating {Table 5.4)
"Waintenance Rating (Tahla 5.5)




Table 6.7. Comparison of Catchment Widths to Recommended Design Widths.

Site ' Catchment Actual | Design Catchment
{m) Shape W, We? Adequacy
(m) {m} Rating’
360-1 | 22.5" | gentle ditch 4.5 8.5 2
360-2 24.3* gente dich 7.5 6.5 {
Au-] 15 gentle wm steep 1.8 37 0
ditch
An-3 14 flat >13 E 3
Au-4 12 steep ditch 1.2 27 3
-5 12 flan 4.5 4.7 3
FW-2 | 20 flex 3 14 0
1376-1 | 13,5 | film 3 7.5 l
[-10-4 | 16.5 | gente slope 6 43 £}
[-10.6 21 flat G 14.5 3
I-10-8 | 24 gentle slope 12 T 3
{1283-1 | 15 flat 7.5 9 3

Notes: 'Height of Slope or Lowest Banch
*Design Ditch Width (Fig. 6.9)
*Catchment Adequacy Rating (Table 5.6)



60

veiny R — pusto
Chalk {5)

In | T L L i I

Differential Erasion Eqm E Edwards
f (23)
Toppling . Glen Aose
(28}
Wedoe

Carcular r
Plamar
A RIS LERL) LRLEIELS AWII IR LR AL

0 70 20 30 40 B0 G0 7D B0 S0 100
Percent of Total Sites in Each Formation

Fig. 6.1. Modes of Failure Observed versus Formation Type.

3=, 0

2m0 =)
‘-——/
Ko ™
=]

Fig. 6.2. Definition of Slope Orientation,




61

=
i
AL Ll LLLl Ill[;l:llllllll Litl

1 4 A
0.5 A L
DTI.II WwoRT P AERLNELRET LR mlll e
© 10 20 I 40 &) 60 7O a0 90 100
Avg. RQD

Fig. 6.3. Maintenance Rating versus Rock Quality Designation for Glen Rose Sites.

V&R z——a 5

0.5= &

AN B LR L LS AN AN LA

L 1D 20 30 &0 ab 80 0

Difference In Slake Durability (%)

Fig. 6.4. Visual Stability Rating versus Difference in Slake Durability for Glen Rose and
Edwards over Glen Rose Sites.



18-
169
1.4
124

Avg. ;
DDE l-'lB'g

- =

Seepage No Seespage

Fig. 6.5. Effect of Seepage on Average Degree of Differential Erosion for Glen Rose Sites.

3~
25 3 . i
2 — ] Ne
* g i
MR 15] e :ﬁ_gj
] s
1 1:;-"1
] 1@.1%%
. HAsHTE
. i

Glen Aose Edwards aver Glen Rosa

Fig. 6.6. Effect of Seepage on Average Maintenance Rating,.



B
wl

!:;1 o
ST Seepage

Edwaris overGlen Rosa

Fig. 6.7. Effect of Seepage on Average Visual Stability Rating.

Catchment
Adequacy
Rating

Average

Relationship

LI L] LA B |

1

WeH,

15

L L

LI

Fig. 6.8. Catchment Adequacy versus Ratio of Ditch Width to Slope Height.

63



m - _, N
1 ¥ }' | ¥ W A bk
r ’ ”
_— b 4 I _ © &1 Dilch
Slope ] ; V‘ »" & a1 Dich
- / JJ -

Height 20+ 5 = Y et
A IV
; v’ﬁ/{,..-?"" |

Rl L | ™
0 2 4 ] B 0 12 14 18

Ditch Width (m)
Fig. 6.9. Fallout Design Curves for 90-Percent Retention Rarte (Pierson et.al., 1994).

" LI LA | LI Ll am )




CHAPTER 7. DESIGN OF ROCK NAILS

7.1  Introduction

Rock nails are intended to stabilize rock masses and improve their properties (e.g.,
stifiness). This chapter presents a design methodology for rock nails based on analysis and
experience. Two design approaches are sugsested depending on the rock type and condition. The
first approach treats the nails as strocmral 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 Tensi apacity of Grouted Nails

7.2.1 Introduction

Nails stiffen and stengthen 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 orentation 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 onented 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 calenlated as follows

T
LY :E_d.[.._ (7.1)

where T is the maximum tensile load, d is the diameter of the anchorage and L is the length of
anchorage. Unit ultimate pullout resistance can be estimated from pullout tests by dividing the load
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at yielding by the surface arca of the anchorage (calculated using the nominal diameter of the
borchole).

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 acmal
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 distribubion 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 seils 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
identify 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 puliout tests on
cement-grouted anchors and 131 load tests on dnlled piers (where the tests were camied out to
failure)., Table 7.2 presenss a similar summary for 17 pullout tests on resin-grouted reinforcing
elements. The sources and data for these tests are summarized by Whin (1993).

Information taken only from tests camed out o faillure is often biased toward lower
strength 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
cquipment than &n wtimate 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 argillaceous rocks (e.g.,
shales and mudstones) and chalks. Cement and resin grouts display similar values of pullowt
resistance.

The large values of standard deviation in Tables 7.1 and 7.2 indicate & substantial
variability in pullout resistance, even within the same basic rock type. In part, this varability is
due to the following factors:

1. Varations in intact rock strengths and rock mass properties;
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Differences in installation, such as borehole ronghness and quality control during grouting;
Progressive failure; and

The non-uniformities in stress distribution mentioned earlier, which lead to variations in unit
ultimate pullout resistance for anchors of different diameters and lengths.

Bowow

Therefore, these lists are only offered to present en 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 T 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 discomtinuities)
t,, =0.1UCS (7.2)

This equation tends 1o underpredict t  for weaker rocks, particularly weathered clastic sedimentary
rocks. The ratio of T to UCS can be as large as 0.3 to 0.4 for weak rocks (Linlejohn 1993).
Horvath et al. (1980) report another correlation between T and UCS that takes the concrete
strength into account

T, =b-f’ (7.3)
where f'_ 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 0 025if T and f_ are in MPa.

In order to evaluate the applicability of different correlations between T, and UCS, the T

test data in Table 7.1 are plotted versus UCS on Fig. 7.2. These plots include only test data in
which rock strength information was also available. In cases where several tests were performed
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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 Litdejobn (1993), Equation
7.2, provides a lower bound on pullowt resistance for UCS values less than about 10 MPa (Fig.
7.2). However, this correlation is less conmservarive for higher strength 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.

7.2.4 Estimated Tensile Capacities for Rock Nails in Texas
The measured UCS values from the samples obtained during this project are presented in
Appendix D and summarized in Table 7.3, Based on these values as well as experience with rock

bolting for underground openings and tunnels in these formations, a typical T, value for each

formation studied in this project is provided for use in design as well as a probable range of T,
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 deseribed 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 2722-1), 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 severc. Therefore, although global failures are mot
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likely in Texas road cuts, it is of interest to develop a design approach for those instances

where they are possible.

7.32.1

Total Nail Load

Rock nails provide a Jateral force 1o support an unstable wedge, as shown on Fig.
7.3. The required nail loads can be estimated from force equilibrivm, as shown on Fig. 7.4
where the variables are defined as follows:

P

=R M~ o 7 d

A

-]

N,

[}

total nail load (per unit width) required;

weight of wedge (per unit width);

normal force acting on joint (per unit width);

contact pressure due to external loads;

water pressure acting on joint;

unit weight of rock;

slope height;

dip of joint {measured from horizontal);

orientation of total nail load (measured from horizontal);
non-dimensional factor representing external loads, where g = N,I?H;
and

non-dimensional factor representing water pressure, where u =N, vH

For this condition, the required total nail load, P, is obtained from the following expression

(0.5+N,) tan{90° — z) +05N,,[F tan(joing) - 1]
P= - ) TH2 (7.4)
cos (B)F —sin(f) '
where
__ cos(a) + tan{gg i Jsin(c) (1.5)

"~ sin(a) - tan{@jg jn Jcos(e)

The design implications of this equation are discussed in the following paragraphs.
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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, o, and joint strength, @, The requ’nf:d nail load is zera

for & < ¢, 20d the maximum nail load occurs at a joint dip of & =45+ @y, /2. Typical joints
observed in the studied road cuts were reasonably rough with little to no infilling, and arc cxpected
to have ¢, values berween 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
horizontzal. These joints, which were associated with faulht zones, are especially prominent in the
Glen Rose Formation znd 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 o 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 external 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
typical road cut between 5 and 25 m in height, traffic loads correspond o N, values ranging from
0.02 to 0.1; therefore, external 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
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 vy, times the
depth below the slope crest). This condition corresponds to an N, value of approximately 0.5, and
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a required 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 ¢, (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 15° to the honzontal. 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,

Comparison with Apparent Earth Pressure _Approach: 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 eguivalent, total nail load
associated with this envelope is obtained as follows

P:%(H +0.6H)(0.47H) = 03298’ (1.6)

This total load is shown on Fig. 7.5 together with the curves obtained from Equation 7.4. For
typical conditions (i.e., ¢~ 30% ¢ = 60°, p = 0% N, = 0 and N_ = 0), the total nail load

estimated from the apparent earth pressure diagram is very conservative with a caleulated nail load
from apparent earth pressures that is about twice that obtained from Equation 7.4 (Fig. 7.5).
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7.3.2.2 Distribution of Nail Loads ‘

The force equilibrium approach described in the previous section pmvicies an estimate for
the total nail load required, but does not indicate the loads required in individpal pails. In fact,
there is an onlimited number of neil load combinations that would satisfy the total nail load
requirernent. However, there are other considerations in how the total load is distributed to
individual pails:

. more lightly loaded nails will generally provide 2 more redundant system than fcwf:r

heavily loaded nails;

. uniformly distrbuted nail loads will generally be more effective at mintmizing

deformations during excavation; and

. nails near 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 laboratory testing results in Appendix D), the mobilized nail [oads
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 magnitde 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 neils be secured at the wall face so that they can transfer their full load w the
unstable wedge. For fully grouted nails, this consideration is only relevant for the nails near the
toc where the nail length within the wedge is short (Fig. 7.3). Even then, most typical clement
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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 &ll nailed slopes. This facing will serve two functions: it will provide confinement at
the wall face to prevent local raveling #nd 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 mast of the local raveling is related to degradation of the
slope; if the degradation is prevented, then the raveling will not cccur. 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 defined 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,
waler 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 he
periodicaily 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 expenience, 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 kKN/m®. A road will be located near the slope
crest; a surcharge pressure 10 kPa will be used to represent this extemnel load. Thercfore, N is
equal to 10 kPaf(23 kN/m® x 10 m) = 0.043, The nails will be oriented at 15° to the horizontal.
Two design cases will be analyzed: N, egual to 0 (no water pressure) and N equal to 0.5 (a
worst-case water pressure condition).
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Nai| Spacing; The total required nail loads are determined from Equation 7.4:
P = 0.222(23 kN/m*(10 m}* = 511 KN/m for N, = 0.0; and 4

P = 0.426(23 kN/m")(10 m)" = 980 kN/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 steol
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:

im {(10 m){137 kN per nail)
Y 511 kN/m

=1.6m forN' = 'D.'D; and

= J(IO m)(137 kN per nail)

=1.2 =
980 KN/ m far N, =0.3.

If water pressures are not anticipated in the slope, then the 1.6 m spacing would be sufficieat. If
waler pressures are possible, then the costs of installing 2 drainage system within the slope versus
installing nails spaced ar 0.9 m should be compared to determine the optimal design.

Naijl Length; 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
rypically 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:

137 kN

L= =17m
7(0.075 m)333 kPa
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where L. is the required anchorage length. Therefore, the nails should be anchored at least 1.7 m
behind the discontinuity,

Facing 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
pssumed that the wedge is associated with the joint set that is dipping at 60°, then the design
pressure is obtained from Equation 7.4 a5 follows:

w = 0,222(23 kN/m’)}(1.6 m)*/(1.6 m) = 8.2 kPa

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 tansion 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 stabilize
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 stabilize localized instabilitics
at the rock cut face: 25-mm diameter steel bolts (f, = 420 MPg) grouted in 75-mm diameter holes,
spaced at approximately 1.5 m horizontally and vertically, with a length of 3 m. This design is
mtended only for the Cretaceous-age sedimentary rocks in central Texas and for rock cuts that are 5
to 30 m n beight.

The recommended design is based on the following rationale. First, empirical design
procedures for using rock bolts to support cavemn walls in underground construction indicate that
the bolt length 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 Joads act at the wall crest. Third, the nails need to be spaced at about the same
spacing as the bedding featres that control the localized raveling. Fourth, an analysis of local
instabilities {using Equation 7.4) with & wedge height of 1.5 m (the bedding thickness) indicates
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that the nail force from 2 3.0 m long mil will be sufficient to stabilize the wedge. Finally, a similar
design approach was used sucessfully by Hall et al. (1994) to stabilize vertical cuts 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 mu.nda.unn]l is to be applied
near the slope crest, additional nails that are 6 to @ m in length (or at Jeast 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 both nesr
vertical joints and near horizontal becding plane feamres. Fig. 7.10 shows & schematic of this
proposed design approach,

It is important (0 recognize Cial 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 tock around the bolts will be susceptible 1o weathering end erosion. Therefore,
some form of confinement at the wall face, soch as shoterete or wire mesh, should be ssed in
addition to the nails. In cases where the rock mass is not heavily jolnted, it should be possible o
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. Mails could alse be used only
in areas of the rock face that are jointzd and potentially unstable (Le., spot bolting).

7.4 Corrosion Protection

Corrosion profection iS5 an omportant design consideration for rock nails in roadway cuats.
The nails will typically be used in crit'cal, permanent structures (.., bridge abutments), and some
of the rock formations (specifcally the Glen Rose) are agpressive concerning corrosion. When the
nails are used for global stsbility, filly encapsulated nails should be used in sccordance with
FHWA guidelines for nail corresion protection on 1.5, Federal-zid Highway projects (FHWA,
1993). The nail should be grouted imside a cormugated plastic sheath using a neat coment grout.
The minimum grout cover between the mbe and the borehole wall should be 12 mm. When the
nails are used for local stability, full encapsulation is not necessary. In these spplications, a
minimum grout cover of 37 mm should surround the nails and centralizers should be vsed to
ensure grout cover along the entire nail length,

7.5 Summary
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 ac-oss the discontinuity. A design equation and design charts
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gre 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 be used
to provide support to local instabilities. Rock nails are specifically recommended in these rock
conditions when a large extemal 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
(c.g., wire mesh or shotcrete) will serve the same purpnse more effectively and less expensively.
Alinemative control measures for local instabilities are described in the next chapter.
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Table 7.1. Unit Ultimate Pullout Resistance for Different Rock Types
{Cement Grouted Anchorages).

Unit Ultimate Pullout Resistance, T,, (MPa)
Rock Type Number of Tests Range Mezn Standard Deviaticn
Igneous 7 0.12-6.37 2.13 437
Metamorphic 3 1.60-5.57 2.99 2.23
Sedimentary
Arenaceous &3 0.12-9.55 2.05 1.67
Argillaceous 57 0.05-2.50 0.56 0.46
Mar 13 0.10-1.03 0.38 0.31
Mudstone 15 0.12-1.05 0.57 0.26
Shale 24 0.03-2.50 0.63 0.61
Calcareous 1E 0.09-4 80 127 1.45
Limestone 10 0.05-4.80 1.91 1.69
Chalk 7 0.14-1.07 0.39 0.35

Table 7.2. Unit Ultimate Puliout Resistance for Different Rock Types
{Resin Grouted Anchorages).

Unit Ttimate Pullout Resistancs, ‘E,Lt'-'l{F’a}

Raock Type Number of Tests Range Mean Standard Deviation
Igneous f 1.22-2.29 1.73 045
Metamorphic 0
Sedimentary 11

Arenaceous 0
Argillaceons 3
Shale 3 0.75-3.38 2.29 1.38
Calcareous g 0.72-3.32 2.27 0.73
| Limestone 7 0.72-3.32 2.27 0.79

Table 7.3. Recommended Unit Ultimate Pullout Resistances for Texas Formations.

Measured UCS (MPa) Recommended T, (MPa)
Rock Formation Mean Range Standard Typical Range
Deviation
Glen Rose 12 5-30 T 1.0 0.5-20
Edwards 29 14 - 56 16 2.0 1.0 -4.0
Austin Chalk 9 2-18 5 1.0 0.5-1.5
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CHAPTER 8. ALTERNATIVE CONTROL MEASURES FOR ROCK SLOPES

8.1 Introduction

Rock nailing is only one of many measures that are available 10 control the performance of
rock slopes. In this chapter, alternative measures of control, which can be used alone or in
combination with other measures, &rc described, Table 8.1 provides a list of various control
measures and a summary of their respective advantages and disadvantages.

8.2 Catchment Ditches

Catchment ditches are mntended 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 cacchments. Several interesting features of these design guidelines are that
(1) angled slopes require larger catchments than vertical slopes because rolling rocks develop
greater momentum then 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 caichment is sloped, than this width can be reduced. The design chart
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

Rockfall catch fences and nets can be constructed at the toe of the slope w0 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 ferce and net should be
constructed on the outside of their supporting posts to allow easier cleaning and repair, as

ER
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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
caich nets, and Duoffy (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. Barriers 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 usuvally 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 1o hold Joose rocks in place.
Brawner (1994) recommends that these bolts should have a minimum diameter of 19.] mm 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.

B.5 ble L ng and Anchored e Ne

Cable lashing and anchored cable nets are rockfall prevention techniques used to hold
unstable rock blocks or slabs in place. Cable lashing involves wsing large diameter, high capacity
steel cables to tie down large blocks or slabs. The post-tensioned cables are attached to rock
anchors cutside 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 antached and wensioned as in cable lashing.
Anchored cable nets can be used for blocks with diameters as large as 2.5 m.

8.6 Spot Bolting and Dowels
Spot bolting invalves 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
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movement The dowel is packed in concrets to agsure 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 ele aso

Many of the failures in the rock slopes studied in this project are related o differential
weathenng end erosion. Application of shotcrete to the freshly cxposed surface of the weaker
layer can be used to prevent these processes. Therz have been some ohjections to the use of
shotcrete on aesthetic grounds, although shotcretes with a natural appearance have beern developed.
In locations where assthetics are imporiant, remforced maesonry provides an allemative to
shoterate. While more expensive, masonry can blend in well with the surrounding rock, especially
if pative material is nsed. 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
Butiresses are structures designed to support the weight of an overhanging rock block or
slab that has formed from differential erosion. They are often constructed of reinforced concrete or
masonry. A typical application 15 illustrated in Fig. 8.3. Differential erosion of mar] can occur
low 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 butiress can be wsed to support the weight of the limestone block
and, therefore, prevent toppling Fig. 8.3).

8.9 BSlope Flattening

A common means of stebilizing unstable slopes in Texas has been to flatten the slope
grade. A horizontal-to-vertical slope ratio of 1H:4V is a mle 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 appropriat= 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 characleristics are very imporiant in the lzy-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 SH:1V slope (Allen and Flanigan, 1986).
Due to weathering characteristics, other rock units may actually be more smable at steeper slopes.
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The Glen Rose Limestone, for example, appears to weather faster if leid 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 retzining wall
supported by 0.6 m diameter drilled shafts was constructed 1o retain the slumping material on a
similar slope (TxDOT, 1988).

8.10 Slope 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 strength 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 designing a benched slope is that benches must be regularly
inspected for accumulation of debris (usually after large rainfall or freezing events, and on a regular
besis 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,
Jaunching falling rocks onto the roadway. For this reason, the Federal Highway Administration
has recommended that benches pot 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).

: LT TS CARSRNOEDNS and [l _is1ast [
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, usnally loose, blocks on the slope. Scaling is usuoally done by workers on
ropes using prybars, hydraulic splitters, or jacks. On some slopes, mechanical equipment like
backhces and rock breakers cen be used. No studies have been dene in Texas to determine how
often scaling must be performed on a given rock cut. Brawner (1994) reports that, in general,
scaling s usually required every 8 to 10 years where freeze-thaw is common, and every 12 to 15
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years in warm, dry climates. None of the TxDOT maintenance districts contacted for this project
have indicated & regnlar program of scaling. '

Where scaling methods 2re not feasible, chemical expanders and trim blasting can be used.
Chemical expanders &re chemicals, usually inorganic lime compounds, that anderga volumetnc
expansion when they react. When these chemicals are placed in drill holes, the chemeally-induced
expansion breaks rock slowly, sliminating the rock mass damage and vibrations associated with
blasting. Trim blasting is the use of small-scale explosives o remove larger blccks that are
unstable or overhanging. The effectiveness of scaling, chemica) expanders, and trim biasting is
dependent on the quality of work. Inexperienced personnel can ofien 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 (materal degradation or block loosening from ice lenses) and
erosion, Patterns of horizontal or inclined drain holes can be used 1o redoce the water table level
behind a slope or to drain water-bearing discontinuities. Reduction in water pressures will help
stahilize the slope and removal of water will reduce the potential for freeze-thaw damage. It 15 also
tmportant to control water at the surface. Pitean and Peckover (1978) mcommend that ponds and
water-filled 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 mﬂll:ml: the slope be
sealed, and that surface dramage awsy from the slope be comtrolled by ditches and colverts.
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.
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Table 8.1, Advantages and Disadvantages of Available Control Measores for Rock Slopes

Control Measure

Advantages

Disadvantages

Rock Nails

Suppont External Loads

Improve Global Stabilicy
Minimize Ravelinglling

Facing Can Prevent Weathering

May be Expensive
Facing May Have Unnatural
Appearance

Catchment Diches

Minimize Rockfall from Entaring
Rusaclway
Natural Appearance

Wide Right-of~Way May Be
Necessary

Ditch Maintenance Required
Slope Degradation from
Ravelinglling and Weathering

not_Prevented
Catch Fences, Nets and * Minimize Rockfall from Entering * Unnatural Appearance
Barriers Roadway * Slope Degradation from

Can Be Installed Where and When
Prohlems Arise

Ravelinglling and Weathering
not Prevented
Maintenance Necessary

Draped or Bolied Wire
Mesh

Minimize Ravelinglling
Can Be Installed Whers and When
Problems Arise

Unnatural Appearance

Mesh Can Comode

Limited to Small Block Sizes
(less than I m)

Slope Degradation from
Weathering not Prevented

Cable Leshing and
Anchored Cable Nets

Minimuze Ravelinglling

Block Sizes up to 2.5 m Can Be
Stabilized

Can Be Installed Where and When
Problems Arise

Unnatural Appearance
May Be Expensive

Slape Degradation from
Weathering not Prevented

Spot Bolting and Dowels

Minimize Ravelinglling of Small and
Large Block Sizes

Can Be Installed Where and When
Problems Arise

May Be Expensive

Slope Degradation from
Weathering and Erosicn May
Sall Occur

Shoterete and Dental

Stope Degradation by Weathering and

May Have Unnetural
Appearance

Drainage Behind Shotcrete Can
Be Problematic
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CHAPTER 9. CONCLUSIONS AND DESIGN RECOMMENDATIONS

: 9.1 Summary

! The objective of this project was to develop a rational design procedure for road cuts in the
soft rocks of central Texas. A comprchensive 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

l 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
i 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  Major 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 wet/dry 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 ofi. This failure mechanism is perticularly 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
i 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
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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 1§ 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 o 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 cementad in situ. It is especially important in thess rocks to use
high-guality 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 significant
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 (SMR), are not effective at predicting the performance of the soft rocks
in central Texas. These schemes, which were developed over the past 20 years by comelating
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 Jarge
differences in weathering resistance. It was found that differences in slake durability of greater
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than 20 w 30 percemt 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 Requirements: Maintenance requirements tend to be greater for culs
susceplible to maveling 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 sbove and are cleaned frequently. Several of the studied siopes, specifically along Loop
360 in Austin, have benches that are filled with debris and cannot be accessed for cleaning. Filled
benches are problematic because subsequent rock fall will not be caught, and blocks may be
projected out further from the siope toe and closer to the road.

Catchment Adequacy: Flat catchments to collect rock fall are effective if the width is greater
than one-half the slope height. Increasing the grade of the caichment toward the slope can provide
an cffective caichment at narrower widths, Also, cuts that are not susceptible to raveling and
differential erosion perform well even with narrow catchment areas becanse 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 m other
cuts at the same sites.

9.3 Design 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

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 of voids or soft, weathered zones; and
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» presence, dip and orientation of joinis or other discontinuities.

In general, this information can be obtained from published geologic maps and literamre, 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
imvestigated. Borings &re 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 orent these features, At a
minimum, @ 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 engineers should be planned during
construction.

2. Ifaslope 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 erogion should be investigated. Borings should be drilled to identfy 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 supporied with rock nails, then borings are recommended o estimate
the thickness of beds and to identify anomalies, such as collapse feamwes or soft,
erodible layers of rock. Unconfined compression tests are also recommended on core
samples to provide information on nail capacity.

Borings thet are drilled should be drlled 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 feamures, fanlt 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 cuots 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
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slope height in width; catchments graded back toward the slope can be narrower, and the design
chart included in Fig. 6.9 of this report is recommended for their design. Beaching o decrease the
effective slope height is not recommended unless the benches are made wide enough to carch
falling debris (again, a bench width on the order of 0.5 times the bench height is recommended)
and can be accessed for clean out. Cuts that are flamer 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 & 100-mm thick layer of fiber reinforced shotcrete. Adequate
dramage 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 sl minimizing differentizl 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 control will also be helpful in minimizing raveling and
erosion.

In areas where external loads are (0 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
&t 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 &t the cut face, then rock nails
{or ticbacks) should be installed across the discontinuity to support the potentially unstable wedge.
This recommendation is intended for both slopes with and without extemal loads if a large-scale
planar or wedge failure is possible. A design equation and design charts arc 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 encepsulated 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 be provided behind the shotcrete and within the slope to prevent build up
of water pressures.
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List of Field Reconnaissance Data ¥

Site Code Location No. of Pages
360-1 Loop 360, N. of RM 2222 4
360-2 Loop 360, at RM 2244 4
360-3 Loop 360, 1.6 km N. of Wild Basin Road 4
620-1 RM 620 at Mansfield Dam 4
620-2 RM&20 S. of Lakeway 3
2244-1 M 2244 at Crystal Creek Road 4

| 2244-2 RM 2244 at ﬁgrﬁie Roy Road -
SWP-1 Southwest Parkway, E. of US 71 4

— SRR-1 Steiner Ranch Road at Quinlan Park Road -
Al-1 RM 23727 between Loop 360 and Mopac !

Au-2 m 2222 at Loop 360 drainage channe] r

Au-3 Lake Georgetown Spillway B

Au-d T, N. of Mason i

D1 Loop 303, E. of Loop 12 4

D-2 IH 30 at Hampton Road 4

D4 FM 1382, Cedar Hill 4

D-5 New Clark Rd., &t FM 1382 4

FW-1 US 377 between Granbury and Cresson 2
FW-1 SH 16, W, of SH 337 3

~ 281-1 US 281, 5. of Cibolo Creck 4
281-2 US 281 at Belverde Estales 4
281-3 US 281, just 8. of SH 46 4
2814 US 281, 7.9 km 5. of Guadalupe 4
281-3 US 281, just N. of 281-2 q
1376-1 FM 1376, N. of Boerne A
1376-2 FM 1376, 5. of FM 473 4
I-10-5 TH-10 near FM 289 4
2722-1 TM 2722 between FM 2673 and SH 46 4

26731 i at FM 2722 4
3159-1 3159 N. of SH 46 4
I-10-1 0% kmE, of SH 16 4
1-10-2 dkmE. of SH 16 3
1-10-3 IH 10 at Cypress Creek 4
1-10-4 IH 10, just W. of Cypress Creek 4
1-10-6 IH 10, 1.6 km W. of 5h 16 4
-10-7 iH 10, 1.6 km W. of FM 783 4
L10-8 1H 10 just E. of FM 1338 4
I-10-9 TH 10 in Gillespie Co. 4
41-1 H4] at F\
T87-1 FM 187, N. of Lost Maples State Park |
3371 RM 337 at Mill Creek 4
331-2 FM 337, togo? Mill Creck Pass 4
470-1 FM 470, Tarpley Pass g
211-]1 . N. of FM 471 4
211-2 11, N. of Bexar Co. Line 4
211-3 SH211,S.0f SH 16 3

“1283-1 | FM 1283 at CR 270 ) g
1283-2 FM 1283, 1.4 km 5. of Park Road 37 4
173-1 FM 173 S. of Bandera-Medma Co. Line 3

S-1 Loop 1604 at Bitters Road 3
52 Loop 1604 at Gold Canyon Road .|
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Maintenance Data



Table B.1. Maintenance Information 1

or Austin District Sites,

Site Goealogie Type ol Age of Maintenance Does debris Additional comments MR
Code Farmation Failure Cui requirements and reach rond?
{years) type and size of (¥/N, Freq.)
_debris
360-1 | Kgr E.W.DE i **Clean cobhle to Tm Y. Failure afler rpin 2
stze rocks, from diteh - “occasionally”
r
302 | Ked, Kwa, Kgr | R 14,7 **Before benching in ¥ {befone Benching resulted in 50% -1
I%88, cleaned debrig I98E), S-6xfyr | reduction in maintenince effor
{cobhle o 1. 2m) from in the entire Travis South
road and ditch Se 0wty maitilenance soetion. Failires
Adfer benching, clean occur after min. Maos)
ditch only 2 to Ixiyr, dogridation is due 1o rovelling of
Walnut Formation whicl i only
gaposed in the upper bench
360-3 | K R 15 None N — 3
f20- ] _Kar R, possible DE | <} TN MA -
62003 | Kpr R 7 **None N 3
I244- | Kar R 7 Clear 0.3-0.6m rock from M Failure after rain, 3
I dilch, [x every 2-3yr
2244 | Kar R,DE 7 Clear 0.3-0.6m rock from N Failere after heavy . 3
2 ditch, 1% every 2-3yr
SWP- | Kgr R.DE R Nroine N Faiture after rain, constant 3
| Ecepage onto road,
SRR- | Kgr R.OE 67 0LA5-0.6m rocks cleared Y, d-finlyr Failure alter rain, constani ]
I from road evary 2-3 seEjmpE
monihs
Au-l | Kgr R.DE 20-25 Clean debras up 10 2,5m b § Slope was scaked 3 i 4 yoirs 0
size from rond and digeh, io. Failures oceur afier heavy
4-Sxlyr riim,
Awd | Kpgr R.DE 5-6 No owintenance, cur i in MiA Waald require maintenmnes if -1
skrainge clunmnel loveated ilony roachway.
Aw-d | Ked R 22 Mo information N M
Au-d | Keg R.DE 40-45 | Occasional small rocks N Has performed botter over time k|
(< 0.5m) cleanied from
| Paved ditch every 2.3 yr J
Noles: ** porfonymnce affecled by benchirg

'MR = Maintensce Rating {Table 5.5)



Table B.2. Maintenance Information for Dallas and Pr. Worth District Sites,

Site Geologic Type af Age al Maintenance requirements and fype Dwes debhris reach MF
Caode Formation Fallure Cuat and size of debris romd?
{years}) (¥/N, Freq.)
-] Austin Chalk, E.DE 15 Prior to 1986 cleared rock and soil debris fromy | Y (prior to installation of 2
Engle Ford Shale rood Zxfvr, Guard rail installed in 1986, Rad | puard rail). 3xiyr
remaved, rock debris cleared, and rail
reinstalled in 1995,
-2 Austin Chalk E 15 Mo reported mainienance prior (o instellation v 3
of rock-nailed wall under bridge abuiment
-3 Aaztin Chalk C.R.DE 15 Sloughed material from Eagle Fosd pushed M 2
Bagle Ford Shale Ik and re-seeded 2ufyr during miny season
34 Austin Chalk R [ Mo information Mo mfommation -
b5 Austin Chalk BDE 15 Mo Mainienance M 3
FW-1 | Comanche Peak B.R 17 Cobbiz w Im size debris cleared from dich [- | M 2
Axfyr,
FW-2 | WinchellWoll M I8, 1 Prior to 1994 cleared up to 0.6m debris from | Y, prior to re-axcavation 2- | 0

poad 2-3nime, One Gxbem block on road, Re-
excavaled n 1994

Iximo,

Maotes: 'ME = Mainienance Rating (Table 5.5}
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Table B.3. Maintenance Information for San Antonio District Sites.

Site Geologic | Type of | Age | Maintenance reguirements and type and Does debris Additional MR!
Code | Formatio 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 Diependeat on 2
rainfall
28)-2 Kgr RW 32 | Clear 1 to cobble size debris Ix every 5 yr. N 3
281-3 Kar R.DE 32 Clear soil to 0.9m debris from ditch 3-4a/yr. N Maost problematic | 041
Dne 1.2x2.5m bleck, slope i Bogrne
mainlenance
section, Rainfall
depembent
IR§-4 PR 32 Clear cobble (o 0.9m size debris 2-3x/yr. N 1
281-5 Kgr P.R 32 Clear cobble to 0.6m sive debris 2-3xfvr. N 1
13761 | K R 40| Clear 0.3-0.6m debris from road 3-4x/yr. Y, 3-axlyr 0-1
13762 | Kgr R.T 40 Clear soil to 0.6m debris from road S-6xfyr. In Y, S-txfyr Rainfall dependent | 0
Iast 25 yre, a 1.8x3.6m block has Mllen onto
rondway.
1-10-5 Ker R.DE 25 Occasional 0.9m rock cleared from easement for N Rainfall dependent | 3
mower sccess, |/2-3yr
2722-1 | Kgr R 25,1 | **0.9 1o 1.2m blocks cleared from rosd (1-2xdyr) | Y, prior to 2
5 prior to benching 15 years ago. No maintenance | beaching
affer bench was constructed,
2673-1 | Kgr R.DE 25 0.3-0.9m rocks clearcd from ditch and road Ixiyr. | Y, Ixdyr. Failures occur 2
after hard rain
3159-1 | Ked R 15 | Occasional 0.3-0.9m rock cleared for mower N 2-3
20 {ICCESS,
I-10-1 KedKgr R, DE(Kgr) | 25 Clear small rocks from easement 1x/yr for mower | Y, one time 2
sceess. One 3x3.6m rock on shoulder afier rain, | afler rain
I-10-2 K R 25 Clear small rocks from sasement Ixlyr for mower | N 2
SCCCSY
=103 Ked/Kgr R, (C.DE- 25 “*No mainterance N Debiris is 3
Kegr) contained on
: benches
-10-4 KedKgr R 25 | Clear occasional small rock from casement fxfyr | N 2
for inpwer access
-106 | Ked R 25 | Clear aceasional small rock from ditch Ixfyr for | N 2
MOWET SCCets
107 Kaed nodie 25 Very litle maintenance N 1




~Table B.3. (con'd) Maintenance Information for San Antonio District Sites,

Site | Geologic Fype of | Age | Maintenance requirements and type and | Does debris Additional MR!
Code | Formatio Fallure (yrs shae of debris reach road? comments
n ] (Y/N, Freq.)
-10-9 Kl R 25 No maintenance N 3
41-1 Ked R 25- | Clear 0.3-0.5m debris from easement 1x/yr for N 2
30 MOWET GO0CES
187-1 Kl R 30+ | Clear soil 1o 0.3m debeis |x3yr Y, Laf3yr Rainfall dependent | 3
337-1 Ked/Kgr R. T(Kod) 20 Cleunr =0.3m size debris 4-5x/yr. Scale blasting Y, 4-Sxlyr Rainfall 0
DE(Kgr) done in 1987 to remove |arge blocks in Ked. dependent,
performed bester
over lime
3372 Kexl R 20 Clear up 1o 0.6m size debris 2-Ixfyr, Y, ane lime Rainfall dependent | |
470-1 Ked/Kgr R.DE(Kgr) | 30+ | Prior to instalintion of chain link fence, cleared Y, lx/yr prior Ruinfall dependem | 2
soil to 1.2m debris from road [ofyr, After fence, | to fence
clcar behind fence 1x/3yr,
211-1 Kad R 3 **Cleared 0.3-0.9 m rocks from ditch one time. | N 3
211-2 Ked R 3 **Clearcd small number of 0.6-0.9m rocks from | N 3
bench one Lime
2113 Ked R 3 % leared larps amount of small (<0.3m) debris | N 2
I3y
1283-1 | Kar R 18- | Very little mainicnance, small debris pushed back | N 3
20 into ditch x/f3yr
12832 | Ked R 18 | Silt 1o cobble size debris from fault collapse zone | N Fault collapss 2
20 chered 1041 Syr zone is source of
ravelling debris,
raindal] depandent
173-1 Kai R 30+ | Nomaiplenance N 3
51 Kesl R 510 | Clenr oceasionn! sinall rock (<0,3m) from N 2
easament for mower access, | xfyr
S-2 R i No mainlenance M 3

Motes: ** performance and makmenance affecied by benching
'MR = Mainlenance Rating (Table 5.5)
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EXPLANATION OF D TERM;
USED ON LUu> ur punuiGS

L
- .

THHERE ' 85 :
E g & £ 2 MATERIAL DESCRIPTION g ﬁ

8 %| FE :F
= ANDES TLOUED) s TLBE SAMALE i
B SPLIT SA0GN SAMPLE "
= IO« ADNUTE (RO TEN v =
- DESTUREED SAMPLE ORSETATION et .
5 0 EAMPLE L
| - pI.0 == MOCKET AENETROMETEN i) : ]
— g %If“';‘i -.Hmmm”im CORE ALW T
- 5 E59¥ __I PERCENT ANES (PASSNG NTL 700 S0V 4
L - | ﬁGg STANDAND PENETRATION AESSTANCE 1
—10 i - COME SAMRLE f4+ (VCHES LOWG] mmmm“'“—-—-—i- _I_'_ 93 | mecouwmey —
= > AOCK CORE L =
= g LN COMPRE SEMNE STRENGTH 3

" sile (L)

Silty Gravel (GM)

5:?7.5 Clayey Gravel |GC) Lean Clay [CL]

Well-Graded Sand (SW) [I] Elastic Silt (MH)

%] Poorly-Graded Sand [SP) /A Fat Clay (CH)

®
-
g

-
o

.y

o

DEGREE OF WEATHERING

Unweatherad . . Roek in its natural state without Calearepus . ... Containing calcium carbonate
visible sign of decomposition ar Slickensided . . . The presence of planes of weakness =
" discoloration having a slick and glossy appesranc® -
Slightly wived reaks ite planes of frac™®
Weathered .. .. EEightfdisr:ulurntiup without visible PRI, wesnor E—ith li'::ll: ;Eﬂi:g];::tﬁ Fracturing
sign of decomposition i . h peas of
Weathered . ... Complete discoloration with zones of inpted .., ftﬂ?nﬂﬁ;ﬁh&ﬁﬁg i
slightly decomposed rock arying sl

Seversly Interbedded ... Alternating layers of varying M2t

Weathered . ... Complete discoloration and decom-
position, approaching soil texture
and appearance

.* RQD is defined as the sum of the lengrhs of all core pleces 4 inches or longer, divided by the leagth of
the cor= mun.  Core less han 4 inches in length broken by landling or the drilling process shoold be fizsd
togetber and counted in the RQD datsrmination. If it I8 usceriain s to the meture of the break, the
panicular piece should not be counted.
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APPENDIX D
Laboratory Test Results
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APPENDIX E
Performance Data Analysis



Appendix E

This appendix contains detailed engineering geologic data utilized for this projec.
Plots were made of the potential factors affecting performance vs. the performance measares
{(e.g. Maintenance Rating, Visual Stability Rating, and Degree of Differential Erosion).
Several of the varisbles 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 differental erosion). Due to
the geologic variability among sites, however, age did pot appear to infiuence 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
cermin factors such as: age, height RQD, SMR, and RMR.
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ViR = ¥isual Stabilicy Rating, MR = Majatrngnce Rating, covar, = eeefliclent of varatios



Table E.2 Pertinent Data for Edward

sSiu?

ED B
B4 1.3

fmean | 25] 12.3]
o oo e

m."mﬂihmtﬁ;ﬂnfdnpunrhﬂm for bemched culs, DPE = Depres of Differensal
Erosinon, VER = Visug Smbglity Raling, MP = Mainiznance Rafing, covar. = ooefficlen of variation

Table

E.3 Pertinent Data for Sites Where Edwards is Exposed

over (ilen Rose

H L |GEEPAGE SLOPE DDE | AVG. | VER | MR jnq. Avg,
ORIENTATION RGiDy RMR|SMR
B yes 1 3| &8 4 3| 7
= e i aIrs i 2
Fl ne am | E2E H Oz eq
-108 | 24 35 yes. 260f 2| 3 1] m
.4 A ;ne:J_ = ] 1 18 ]
1 1&3} 30 29 yes 240 ] e8I =8
[mwan | 145 17| Ter| 22 tE 73 M
T [ 14| o8| 100
I:'l 4.3 128 3o 3 11| 658|140 W
Nores: =

Indiestes heighi of slope or lowesz bench fur bemched cuts, DDE = Depres of Differential

Emaian, WER = Visual Stehiliey Kaging, MR = Maicresance Raileg, covar, = cocfficient of waristion



Table E.4 Rock Mass Ramlg (Bieniawski, 1973)

Parameer Ramge of Valwes
UCE (MPa) >230 10025} S0-100 25-30) 525 1-5 <
_ Reting 15 __ 12 7 4 ] 2 3T ]
[Hor 0-1m 5075 2550 <325
Bariag ny 7 13 8 ¥
Syacing of >Im 0-6-dm 200-608) meen 60-200 yum < 60 mm
Discoerinities
v Rating 20 15 19 & 3
Condition of V. roogh Shphity rough | Slightty rough | Slickensided Soft poupe =5 mm
Discoatinylims murficex, pot marthces, surfices, surfaces, or | thick, ar sepomtion >3
costinuss, No | sepamtion <! | sepamfion <1 | potkge <3 pam | mmtdck, continuous
reparstice, e, slighily i, hipidy thick, ar
enweathered weathred wealliored | suparation 1-5
| wall roce walls walls M,
CONEROUE
Raring 20 25 20 o 0
Croendwaier % Copnpletely Dasmp Wed Uripping Flowing
Joiais Dry
Ranwy 15 1o 7 o+ 8
Strik= and dip
avtenzaians of Very
disconminulnier Unfawarmbis Favaratlz Fair Unfievorable Yiry Dnfayvorabls
Tulgels Q 2 -5 -10 12
Rating Feandaticos 0 -1 -7 . -13 25
Slopes 0 -5 - 25 -0 50
Notes: UCS = umaxal compressiva strength, RQD = FRock Quaiity Designation (Dwere, 1965)

SMR = RMR + (FI*F2*F3) + F4 (1)

Table E.5 Joint Adjustment Rang@g!?for SMR Classification (Romana, 1993)

Case Very Favorable Fair Unfavarabbe Yery
B Favorable 1 ] Unfavorable
P e - o » 30 30-20 20-10° ) 10-5 <
T xg, o) - 180] ,
P K 0.15 0.40 0.70 0.85 1.00
P Al < 20 20-F | 30-35° | 3545 XS
P P2 0.15 0,40 0.70 [ 085 1.00
T 2 1 11 i e 1
PA-E | >0 100 [ 0to-10" < 100
T A+p < 1107 110127 | > 1207 | — _ — =
T 3 1 & -28 -5D 50 ]

Noves: P o= plasar fadure, T = wopplieg Silure, o = jaine dip direction, 0, = slupe dfip direction,
fy = joini dip, [, = siope dip

Tahle E.6 Adjustment Rating for Method of Excavation (Romana, 1993)

Mesbod Namiral Slope | Presplitdog | Smooth Blastgg | Blasting or Deficien
Mechapical | Blastng |
F4 +15 +10 +8 0 £




Table E.7 Summary of RMR and SMR Factors for Glen Rose Sites

Site |UCS| RQD | Js | Jc | Jw |RMK | FI | ¥2 | F3 | F4 | SMR
50-1 O T P I 18 |1 25 (10 B
603 7 K 15 |17 5 166 25 |1 TR TR =T
620-1 Z &5 [ | 1.5 {7 CRERT 150 67
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