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2. Prestressed Rock Anchors for Dams:
U.S. Experience and Practice
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1. History of Anchor Usage in
North American Dams
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Table 1. Humbar and affiistions of Fast Tenslaning instituta’s Anchor Committee members.
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Numbers of dams anchoredmumbers of
masonry and concrete dams, per state

178 738
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Histogram of dam anchoring projects by year (Bruce et al,, 2013), ako showing dates of
publication of FTi Guidefines.

The first post-tensioned dam was Cheurtas, Algeria in 1933, Anchars have becn installed in every Other cantinant
since, principafy to compensate for original design deficiencies, war damage, structural foundation deterioration
‘anfor revisions to curent standards of safety.
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2. Evolution of Best Practices

2.1 Design

General Note: All aspects, except overall stability and system
design, are covered best in the Recommendations of the Post
Tensioning Institute (2014}, and are little changed from Littlejohn &
Bruce (1977).

2.1.1 Overall Stability (i.e., Resistance to pull out)

= Conventional - and very conservative —to assume submerged
“weight of rock" in a cone. The apex of the cone is typically
assumed to be at the mid point of the bond length, with a 90°
included angle. Individual cones transform into slabs in
closely spaced anchors.

* Few designs consider the rock mass structure in dictating
failure volumes, or friction across the assumed surface.

* See Hobst & Zajic (1977): no one else has!

Apct 24 — 27, 7023 Groutng Furdamentals & Cure Fractcs Aol 24 272023
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2.1.2 Bond Length
proach:
ond distribution
0.9 MPa
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] |i}‘errnissible geotechnical bond values are selected
Tom

* PTI, and other published sources
* Prior experience
* Site specific testing

* Geotechnical bond invariably gbuverns design of
bond length (not groutitendan bend for clean steel)

* Bond lengths over about 10m are ro%reasively
formly distributed

less load efficient (bond is not unil
in all except the strongest rock

masses: controlled by E rock to
E grout ratio)

Grousng Fundamentals & Curert Practce
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2.1.3 Tendon Design

* Stress at Test Load must never exceed
80% GUTS.

[

= Stress at Working Load typically 50 —
66% GUTS. thereby allowing test factors
of safety of 2 1.33.

* Lock-off Loads are typically 60 — 70%
GUTS but can be much lower in certain
conditions (e.g., AAR structures).

= Bar v strand selection depends on
site logistics, load, and length.

Typically multistrand tendons are
required for dam anchors.

= Details provided in PTI (2014).
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2.1.4 Corrosion Protection Design

= For permanent anchors (i.e., service life over 2 years),
Class | Protection is required, per PTI (2014).

» Components may include corrugated ducting, greasing
and sheathing and/or epoxy coatingfepoxy filling.

= Design must always be the task of the Engineer of

Record.

Historically

ineffective/unreliable

corrosion protection has

given rise to the “legacy

anchor” problem, discussed

in Part 4 of this Presentation.

Coutteny sl NG C
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2.2 Construction Processes
2.2.1 Drillin
1970’s:

= Diamond drilling in concrete and eccasionally
in rock

Rotary or rotary percussive in rock
Deviation monitoring (< 1 in 100)

Pressure grouting and redrilling if watertest
failed

Maintain full manual logs

Qraiog Fundarmertats & Curend Pracics Apri 26 -27.2023

19.10.2023

=i lE-{ it Sotis b me ﬂm'

Now:

= Diamond drilling only used for reinforced
concrete or very weak structures

= Use of down-the-hole hammer prevalent
o Deviation control
o Speed
o Vibrations/pneumatic fracture

= MWD common

Groubng Fundamentals & Curent Pracice
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Now:
2.2.2 Water Pressure Testing = Knowledge of fissure control on permeability
= 10.3 £ at 0.04 Mpa over 10 minute period
L
1970s: = Testing of corrugated protection also
= Full length test
= 2 £/min at 0.4 Mpa o]
= Very conservative criterion: most holes had AT gt
e L e
g i P
i BT
il s el
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2.2.3 Tendon Placement

= Method is project-specific.

* Goal is to install in a controlled and safe
fashion to minimize potential for damage to the
tendon and its corrosion protection.

= The following slides were provided by Mr. Paul
Krumm of Nicholson Construction Company.

19.10.2023
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= Proprietary non-shrink grout for first stage
= Water:.cement ratio = 0.45

= Pre-construction testing of mixes
= High speed, high shear mixer
-

£l ot 8 Sonn [ Ty,
2.2.4 Grouting
1970’s:

Tremie grout
A .
Grousing Fundamentals. & Currend Practce mmmal-zrﬂ Grousng Fundsenentals & Curent Pracics N-ﬂﬁ
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Now: Same except: 2.3 Stressing and Testing
1970's:
= No use of preblend cements m Progressive simple loading to 115% Design Working Load (to
= Focus on fluid property testing, as maximum 80% GUTS)
opposed to cubes ® Alignment Load of 10% Test Load
u Often single ® hocyling
m Very little data quired or analysis described (Read
stage extension only at Test Load)
grouting = Lock off at 50
= Preproduction to 70% GUTS
tesiing | Lift off test
m No creep test
Groutny) Fundamentals & Currert Practcs Apdl 24 - 27,2023 Grousng Fundamentais & Current Practce Apel 24 - 272023
Bundeswelr Univessity Murich.
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Now:

® Proof and Performance Tests

= Analysis of elastic movement data

m Creep testing: short and extended

u Lift off testing

m Lock off 2 60% GUTS

m Special provisions for epoxy coated strand

m Clear acceptance criteria and “rework” guidance

Groutng Furdamentals & Curvord Practcs
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s 3. Influential Anchor Projects
Decision diagram for At e T 1
acceptability testing of ey 7 b
anchors (PTI, 2014) i 14«_1 3.1 _PhD Thesis (1973 — 1976)
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3.2 Tarbela Dam, Pakistan (1979 — 1980) —

anchors.
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Strategic planning session on the Auxiliary Spillway Apron.
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3.3 Stewart Mountain Dam, AZ (1991)
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3.4 Point Marion, PA (1990 - 1891)
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3.5 Tom Miller, TX and Wanapum, WA

(Installation and Pregrouting of Corrugated Duct prior to tendon placement)
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" L e 1960s — 1970s
4. Long Term Performance Testing and Portfolio Risk -
B
Assessment of "Legacy Anchors” arg Strand/Wire Throughout
4.1 Evolution of Corrosion Protection Concepts
® Tendon proposed/selected by Contractor/PT Supplier (wire,
strand, bar).
B Grout conceived te be the only protection: 2 stages essential.
B Fully bonded, and so no long-term load monitoring capability.
Apnl 24 - 27. 2023 Grousng Fundamentals & Curent Practce Agrl 28 27,2023
Bundedwelr Uriver sy Munch Bundeswerr Universdy Much
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1970s — 1980s

Greased and sheathed
free lengths, bare
strand on bond length.

Al 24 ~27.2023
Bundeswetr Unversity Mirich
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1990’s Onwards

Epoxy-coated and filled strand with or
without grease sheathed free length.
Typically require special handling and
installation methods.

Groutng Fundamentals & Gurent Practce Apr 24 - 27,2023
Uriversdy Murich
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Corrosion Protection Requirements

PROTEC TION REQUIREMENTS
CLASS ANCHORAGE UNBONDED TENDON BOND
LENGTH LENGTH
1 1. TRUMPET 1. GREASE-FILLED 1. GROUT-FILLED
ENCAPSULATED 2.COVERIF SHEATH, OR. ENCAPSULATION,
TENDOH EXPOSED 2, GROUT-FILLED OR
SHEATH, OR 2. EPOXY
3 FOR
FULLY BONDED
S
L] 1. TRUMPET 1. GREASE-FILLED
GROUT 2. COVER IF TH, OR GROUT
PROTECTED EXPOSED 2. HEAT SHRINK
TENDOMN S
PO NSORING
NS
Greuing Fundamartals & Curent Practcs
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Based on the results of our database of dam anchor 4.2 Challenges to Evaluating Legacy Anchors
projects, we conclude: 1. Most owners and consultants simply did not canlemp\a!eat tlme of deﬂgn
and that long-term would b
alone fundamental. Therefore, no provisi ior' or
* About 60% of the existing anchors in N. American dams were retestable anchor heads.
installed prior to Class | protection becoming mandatory in
1896. This defines “legacy” anchors.
® Early anchor technology was driven by post-tensioning
suppliers and specialists, and not geotechnical contractors, as
now.
®  The problem is worldwide.
" There is no single, easy, technical answer, and different
owners have different risk tolerance levels. Therefere owner
attitudes range from total replacement to “turn a blind eye.”
2. Fully grouled tendons without a sheath around the free rength
cannot be lift-off tested to measure residual load
Grovang Fundamentals & Curent Practics. April 24 = 27. 2023 Grouting Fundamentais & Gurent Practcs Aorl 24 - 27,2083
Uriversity bunich. Bundesaebr Uriveruly Murich
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3. Anchors heads are usually concreted in, and/or are physically
inaccessible.

4. Reliable and accurate strain gages and load cells were not available for
incorperation into legacy anchors.

5. Cnrﬂampnrary cunstrucﬁcn records are not a[ways avallahle or do not
include vital i or (e.g.
static and dynamic slabllny properties of the grout).

6. Exhumation of legacy anchars is techncally very di‘iﬁcull and is costly.

However, there is recent p
and Australian extractions.

7. Design lives of 25-30 years were originally foreseen: many legacy
anchors are over 50 years old, and current longevities are up to 100
years.

8. Noreliable NDT method has yet to be brought to a level where it can be
used routinely or economically. Three show promise: Dispersive Wave
Technology; Ultrasonic Testing; and “Performance-Based Evaluation”
Techniques.

Groutng Fundsmentaks 8 Curert Practcs
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4.3 Key Factor: Risk Evaluation During the

Portfolio Risk Assessment Process

®  Dam owners typically have a portfolio of several dams. Each dam
cannot, for financial reasons, remegau;gd at the same time.
Howeu'ar all anchored dams can be evaluated to the same standard
of care in a brisk risk assessment process.

® Risk-based priority screening is the first step — the model being the
USACE's Screening Portfolio Risk Assessment (SPRA) Program of
20!]5-3206 The cutcome is to prioritize a “worst-first” risk list of
proje

®  This must be accomplished by a consistent, multi-skilled team
(“cadre”) who will apply a common standard of care across all project
assessments.

® This SPRAis primarily implemented as a series of desk studies. The
outcome of such studies will determine the next strategic steps, such
as field observation, some type of field residual load/corrosion
cu;mn testing (may be impossible), or NDT Testing (may not be
relia
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z o 2 *  This can be illustrated in the following fiow diagram. Highest risk anchored
" Therefore, the desk study (; g Partfolio Risk Assessment) process is fundamental, dams will fall in the "5 high" limb. After these projects have been dealt with
the goal being to prioritize projects which have an unacceptable likefihood of having been (typically by re-anchoring the dam), then the “high-high-high-moderate
compromised by corrosion of the anchor system. category is assessed.
" The successive, key factors for evaluation in this Assessment are: . l=m;a.z.-‘-':-'-'

®  Factor 1: Date of anchoring, and so the controlling PTI Recommendations (being the
Referenceable Standard of Care).

= Factor2: Review of construclion records to identify the details of corrosion protection
(including the intensity and standard of borehole pregrouting).

Factor 3: Review of original anchor system design and prestress demands to establish
the degree of dependency on the anchor system.

Factor 4; Making then an informed decision about the risk to the project of inferior legacy
anchors.

Grousng Fundamentals & Curect Practice.
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4.4 Ongoing & Future Study Research What's Wrong with this Picture?

®  Current CEATI Study (2017 — 2022) with John Wolfhope

—  Review of past case histories

—  Review of past research projects

= Interviews with key owners

—  Update database of projects

—  Development of "path forward" / “best practice” guidelines
®  Future Research Opportunities

= Exhumation upon dam decommissioning

= Overcoring and extraction

= Optimization of NDT testing potentials

—  Sharing of national and internaticnal concepts and information
® Challenge

—  Finding a platform to fund and publish new findings

# * ‘
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