RECLAMATION

Managing Water in the West

Ultra-High Performance Concrete for
Concrete Repair and Canal Linings

Research and Development Office
Science and Technology Program
Final Report ST-2018-1789-01 (8530-2018-53)

U.S. Department of the Interior
Bureau of Reclamation
Research and Development Office September 2018






Mission Statements

The U.S. Department of the Interior protects America’s natural
resources and heritage, honors our cultures and tribal communities,
and supplies the energy to power our future.

The Department of the Interior protects and manages the Nation's
natural resources and cultural heritage; provides scientific and
other information about those resources; and honors its trust
responsibilities or special commitments to American Indians,
Alaska Natives, and affiliated island communities.

Disclaimer:

Information in this report may not be used for advertising or promotional
purposes. The data and findings should not be construed as an endorsement of any
product or firm by the Bureau of Reclamation, Department of Interior, or Federal
Government. The products evaluated in the report were evaluated for purposes
specific to the Bureau of Reclamation mission. Reclamation gives no warranties
or guarantees, expressed or implied, for the products evaluated in this report,
including merchantability or fitness for a particular purpose.






REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

T1. REPORT DATE:
SEPTEMBER 2018

T2. REPORT TYPE:
RESEARCH

T3. DATES COVERED

T4. TITLE AND SUBTITLE
Ultra-High Performance Concrete for Concrete Repair and Canal Linings

5a. CONTRACT NUMBER
FA359

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER
1541 (S&T)

6. AUTHOR(S)

Catherine Lucero

Concrete, Geotechnical, and Structural Laboratory
Denver, CO

303-445-2343

cllucero@usbr.gov

5d. PROJECT NUMBER
ST-2018-1789-01

5e. TASK NUMBER

5f. WORK UNIT NUMBER
86-68530

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Catherine Lucero

Concrete, Geotechnical, and Structural Laboratory

Technical Service Center

U.S. Department of the Interior, Bureau of Reclamation,

PO Box 25007, Denver CO 80225-0007

8. PERFORMING ORGANIZATION
REPORT NUMBER
8530-2018-53

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)
Research and Development Office

U.S. Department of the Interior, Bureau of Reclamation,

PO Box 25007, Denver CO 80225-0007

10. SPONSOR/MONITOR’S
ACRONYM(S)

R&D: Research and Development
Office

BOR/USBR: Bureau of Reclamation
DOI: Department of the Interior

11. SPONSOR/MONITOR’S REPORT
NUMBER(S)
ST-2018-1789-01

12. DISTRIBUTION / AVAILABILITY STATEMENT

Final report can be downloaded from Reclamation’s website: https://www.usbr.gov/research/

13. SUPPLEMENTARY NOTES

14. ABSTRACT (Maximum 200 words)

Reclamation has several miles of concrete lined canals. The concrete is susceptible to many deterioration mechanisms because it is
exposed to water and debris which can lead to freeze-thaw damage, scaling, abrasion, and erosion. The cracks formed due to these
deterioration mechanisms will lead to seepage of water. Several options exist to repair concrete canal linings, from using traditional
concrete removal and replacement methods, to using thick applications of epoxy coatings. Essentially, repairs are made to prevent

further deterioration and seepage losses. The UHPC overlays exhibited outstanding performance performed outstanding in bond tests
and underwater abrasion testing. However, due to the expense of the material, careful consideration should be made prior to selecting
UHPC for a repair or new construction. The material is most cost effective when used for larger areas in need of abrasion and erosion
resistance such as spillways and stilling basins.

15. SUBJECT TERMS
Concrete repair, canal linings, ultra-high performance concrete, durability

16. SECURITY CLASSIFICATION OF: 17. LIMITATION |18. 19a. NAME OF RESPONSIBLE
OF ABSTRACT |NUMBER PERSON
] OF PAGES |Catherine Lucero

a. REPORT b. ABSTRACT |c. THIS PAGE
U U U

19b. TELEPHONE NUMBER
303-445-2343

S Standard Form 298 (Rev. 8/98)
P Prescribed by ANSI Std. 239-18







BUREAU OF RECLAMATION

Research and Development Office
Science and Technology Program

Concrete, Geotechnical, and Structural Laboratory, 86-68530

(Final Report) ST-2018-1789-01 (8530-2018-53)

Ultra-High Performance Concrete for Concrete
Repair and Canal Linings

CATHERINE Digitally signed by CATHERINE

LUCERO

LUCERO Date: 2018.09.20 16:07:08 -06'00"

Prepared by: Catherine Lucero, MS, EIT
Civil Engineer, Concrete, Geotechnical, and Structural Laboratory Group, 86-68530

BARBARA AGUILERA Digitally signed by BARBARA
AGUILERA GONZALEZ

GONZALEZ Date: 2018.09.21 12:55:57 -06'00"

Checked by: Barbara Aguilera
Civil Engineer, Concrete, Geotechnical, and Structural Laboratory Group, 86-68530

Digitally signed by WESTIN JOY

WESTI N ,JOY %?3:0?018.09.20 21:03:19

Peer Review: Westin Joy, PE
Civil Engineer, Concrete, Geotechnical, and Structural Laboratory Group, 86-68530

For Reclamation disseminated reports, a disclaimer is required for final reports and other
research products, this language can be found in the peer review policy:

“This information is distributed solely for the purpose of pre-dissemination peer review under
applicable information quality guidelines. It has not been formally disseminated by the Bureau of
Reclamation. It does not represent and should not be construed to represent Reclamation’s
determination or policy.”



Acronyms and Abbreviations

CSP Concrete Surface Profile

FHWA Federal Highway Administration

ICRI International Concrete Repair Institute
SSD Saturated Surface Dry

UHPC Ultra High Performance Concrete
USACE United States Army Corps of Engineers

wi/c Water to Cementitious Ratio



Executive Summary

Reclamation has several miles of concrete lined canals. The concrete is susceptible to many
deterioration mechanisms because it is exposed to water and debris which can lead to freeze-
thaw damage, scaling, abrasion, and erosion. The cracks formed due to these deterioration
mechanisms will lead to seepage of water. Several options exist to repair concrete canal linings,
from using traditional concrete removal and replacement methods, to using thick applications of
epoxy coatings. Essentially, repairs are made to prevent further deterioration and seepage losses.

Ultra-high performance concrete (UHPC) is a super-dense cementitious material with a high
volume of fibers, and has many beneficial mechanical and durability properties. It is virtually
impermeable and the fibers keep cracks tight. The strength gain is rapid which means the
structure can be put back into service shortly after placement. The research performed at the
Bureau of Reclamation aimed to determine the suitability of UHPC as a thin repair material
particularly for canal linings. Other hydraulic structures could also benefit from the high
strength and tensile capacity offered by UHPC.

The UHPC overlays exhibited outstanding performance in bond tests and underwater abrasion
testing. However, due to the expense of the material, careful consideration should be made prior
to selecting UHPC for a repair or new construction. The material is most cost effective when
used for larger areas in need of abrasion and erosion resistance such as spillways and stilling
basins.
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Background

Reclamation has several concrete structures over 50 years old, as well as many miles of canals.
Many of these structures and canals require repairs to remain in service and to prevent seepage of
water into the ground. Ultra-high performance concrete (UHPC) can potentially be used in
several applications to keep Reclamation structures functioning properly and efficiently.

UHPC is a specially proportioned concrete comprised of cement, silica fume, various
admixtures, a high percentage of fibers, and fine aggregate. It gains strength quickly and has an
extremely dense microstructure. UHPC exhibits low permeability which makes this material
resistant to most deterioration mechanisms that plague traditional normal strength concrete.

A scoping study was completed which focused on UHPC and several mechanical and durability
properties were summarized. The improved properties of UHPC can be taken advantage of in
several applications:

A general repair material, especially in areas prone to abrasion erosion
Repair for powerplant decks or structural roof slabs

An overlay for an existing concrete canal with leaks or surface deterioration
A thin, nearly impermeable liner for unlined canals

PwnE

In 2017, Reclamation entered a Collaborative Agreement with Lafarge to investigate the
potential use of Ductal® JS1000 in Reclamation structures.

Previous Research and Case Studies

The US Army Corps of Engineers (USACE) has investigated the use of UHPC for civil
infrastructure for decades. They have developed their own mixtures (CorTuf) for various
applications [1]. Applications include retrofit of underwater areas of structures subject to erosion
and abrasion from high velocity flows, and retrofit of armoring systems subjected to vessel
impacts. They have been monitoring beams exposed to extreme weather (freezing and thawing,
exposure to seawater, etc) since 1995. After 12 years of exposure, beams showed negligible
surface damage from freezing and thawing (approximately 1000 to 1920 cycles) and minimal
corrosion of steel fibers that were directly exposed to the surface [2].

UHPC has been used for cast-in-place and pre-cast applications in the transportation industry for
several years [3]. The high early strengths help facilitate Accelerated Bridge Construction. The
Federal Highway Administration (FHWA) has investigated many mechanical and durability
properties for several curing regimens [4].

Ductal JS1000 is a four-component cementitious system comprised of premix, high-range water
reducer, 1/2” steel fibers, and water. The premix is comprised of silica fume, ground quartz,
sand, and cement. Components are mixed in a high-shear mixer and placed by pouring into
forms and allowing to self-level. Typical physical properties are summarized in Table 1. Aside
from impressive mechanical properties, the dense cementitious matrix restricts the ingress of
aggressive ions. The capillary porosity (pores larger than 10mm) comprise less than 1% of the



UHPC as a Repair Material for Canals

total porosity. Therefore, JS1000 performs extremely well in freeze-thaw, salt scaling, and
carbonation tests.

Table 1. Typical physical properties of JS1000.

Property Characteristic Value
Compressive Strength 20,000 psi £+ 1,400 psi at 28 days
Flexural Strength 4,300 psi + 700 psi
Direct Tensile Strength 1,160 psi £ 145 psi
Young's Modulus 7,200 ksi + 300 ksi

UHPC has been used extensively in the transportation industry, but it has also been used with
great success in large hydraulic structures. Caderousse Dam is located in France and had
extensive erosion at the apron. Original repairs were made in 1997, but after 12 years the
damage was as deep as 11 inches and resulted in exposed reinforcing steel. The damaged area
was repaired in 2009 with Lafarge Ductal®. The total area repaired was approximately 915 ft?,
and 120 ft? of that area was repaired with Ductal® containing metallic fibers. Due to the
location of the repairs, the UHPC was pumped over 450 feet. After placing the UHPC and
allowing it to self-level, a thin layer of curing compound was applied. The spillway was put back
into service in 20 days.

Methods

Sample Preparation

Concrete for the substrate had a design strength of 4,500 psi and contained lab-standard %" rock
and natural river sand. Two surface preparations were chosen to evaluate the suitability of
UHPC as a repair material. The manufacturer recommends scarring approximately 3mm deep
grooves which roughly corresponds to a concrete surface profile (CSP) 5to CSP 6. Therefore,
the first surface preparation was sandblasting to a CSP 5. The second preparation was decided to
be more extreme —a CSP 8 to CSP 9 obtained by chiseling the surface. Figure 1 describes each
of the concrete surface profiles as defined by the International Concrete Repair Institute (ICRI).

10
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Caution! The texture and
appearance of the profile
obtained will vary depending
on the concrete strength, the
size and type of aggregate,
and the finish of the concrete
surface. On sound substrates,
the range of variation can

be sufficiently controlled to
resemble the referenced CSP
standard. As the depth of
removal increases, the profile
of the prepared substrate will
be increasingly dominated by
the type and size of the
coarse aggregate.

Fig. 6.7: CSP 7
(heavy abrasive blast)

Fig 6.1: CSP 1
(acid-etched)

Fig. 6.4: CSP 4
(light scarification)

Fig. 6.8: CSP 8
(scabbled)

Fig 6.2: CSP2
(grinding)

Fig. 6.5: CSP 5
(medium shotblast)

Fig. 6.9: CSP 9
(heavy scarification—
rotomilled)

Fig. 6.3: CSP 3
(light shotblast)

Fig. 6.6: CSP 6
(medium scarification)

Fig. 6.10: CSP 10
(handheld concrete
breaker followed by

abrasive blasting)

Figure 1. Concrete Surface Profiles (CSP) as defined by ICRI.

The UHPC was proportioned and mixed per the manufacturer’s recommendations. Since the
product is sensitive to the local humidity, the flow was checked in accordance with ASTM
C1437 [5] to ensure the proper consistency was achieved. The total mixing time was increased
to over 10 minutes because of the energy required to properly agitate and mix the very-low
water/cementitious (w/c) mixture.

All samples were comprised of a 3-inch thick normal strength concrete substrate topped with a 1-
inch thick layer of UHPC. The substrates were brought to a saturated surface dry (SSD) state
prior to application of the UHPC. Once poured, the UHPC allowed to self-level and the exterior
of the forms were vibrated to facilitate consolidation. The samples were then covered for 24
hours before being moved to the fog room until testing began. See Appendix A for photos of the
surface preparation and casting processes.

Underwater Abrasion (ASTM C1138)

ASTM C1138 is the test method for underwater abrasion [6]. Twelve-inch diameter disks (in
this case consisting of a 3-inch thick layer of substrate concrete and a 1-inch thick layer of
UHPC) are placed underwater with varying sizes of steel ball bearings as shown in Figure 2.
The water and balls are agitated with a mixing paddle for 12 hours per cycle. The mass loss is
measured over 6 cycles, but because the UHPC is so resistant to abrasion, the S-series samples
completed 9 cycles.

11



UHPC as a Repair Material for Canals
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Figure 2. Testing set-up for underwater abrasion.

Pull-Off Bond Strength (ASTM C1583)

Slabs of normal strength concrete (3-feet by 4-feet) were cast and prepared as described in the
previous sections. A 1-inch thick overlay was placed on each slab. The testing apparatus for
ASTM C1583 is illustrated in Figure 3 [7]. A circular cut extended 1-inch into the substrate.

Tensile load axis
coincident with core axis
and perpendicular to . .
concrete surface Tensile Ioadi_ ing
device
Swivel joint Steel disk
o t Diameter: 50 mm [2.0 in.]
7| Thickness 225 mm [1.0in.)
Circular cut through
overlay or repair
material to at least 10
Ej adhesive
mm [0.5 in.] below '\..\ /// poxy
interface
i B | Sovsdee
e e : 23 B R
: o 2y
i e
EE el
CRSRARRRRRRAR RS S o
R e R
e i

Figure 3. Schematic of ASTM C1583 to test bond strength between a substrate and overlay.

12



ST-2018-1789-01

Results and Discussion

Six 3-in by 6-in cylinders of UHPC were cast to verify strength. The strength gain was rapid,
with strengths of over 12,000 psi at 3 days. The 28 day strength was 18,500 psi, which was
consistent with the low end of the range of compressive strength provided in the product data
sheet.

Underwater Abrasion (ASTM C1138)

As expected, the UHPC overlay performed well, as seen in Figure 3. Reclamation typically
specifies a limit of 4% mass loss after 6 cycles for abrasion/erosion resistant concrete. Both
series performed well within that limit at less than 1% average mass loss in 6 cycles. The S-
series lost less than 1.4% mass after 9 cycles.

0.0% + f f 1 f |
’ &) 2 e 6 8 1LI)

-0.2%

-0.4% -+

-0.6% +

-0.8% T

1.0% +

1.2% +

Percent Change in Mass

—8—C-Series
1.4% +

—— S-Series

-1.6%
Numer of Cycles

Figure 4. Percent mass loss over the course of 6 or 9 cycles
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UHPC as a Repair Material for Canals
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Figure 5. Typical abrasion pattern for samples after 5 cycles. More photos found in Appendix B.

Pull-Off Bond Strength (ASTM C1583)

The average bond strength of the C-Series could not be accurately determined because the
majority of the tests broke higher than the dial gauge of the bond testing device. Additionally,
the bond strength was higher than the tensile strength of the concrete as evidenced by failure in
the concrete substrate for all samples, as shown in Figure 4. It can be concluded that the average
bond strength was at or exceeding 358 psi. The average bond strength of the S-Series was 263
psi = 10 psi. All of the samples failed at the interface as shown in Figure 5.

14
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Figure 7. S-Series pull-off test broken at the interface.

15



UHPC as a Repair Material for Canals

Recommendations

UHPC performed well as a thin repair material over a concrete substrate. The substrate could be
chiseled or sandblasted to obtain good bond as long as the substrate is properly moistened (SSD)
prior to placement of UHPC.

There are challenges associated with using UHPC, but most can be overcome with modified
construction practices.

Mixing requires the use of a high-energy/high-shear mixer or extended mixing time using
a conventional concrete mixer. UHPC may overheat when mixed on-site due to higher
energy input.

o Can replace mixing water with ice if using a conventional mixer, including ready-

mix trucks

Consistency is similar to a traditional Self-Consolidating Concrete. Extensive formwork
could be required.
Due to the high volume of fibers, internal vibration is not recommended as it can
negatively affect the fiber orientation. External vibration may be used to release
entrapped air.
Due to the rheology and workability off the concrete, the surface is unable to be finished.
External vibration can assist in the product self-leveling to an acceptable smoothness.

UHPC is much more costly than conventional concrete and formulas are customized for each
particular application. However, UHPC can lower maintenance and repair costs associated with
abrasion and erosion in areas with high water velocities.

16
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Appendix A — Surface Preparation Photos



Figure A - 2. Chiseled surface at SSD prior to placing UHPC overlay.



Figure A - 3. Examples of chiseled Underwater Abrasion disks prior to application of UHPC
overlay.
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HEARING PROTECT!
REQUIRED WHEN
USING
SAND BLASTER

Figure A - 5. Sandblasted surface at SSD prior to placing UHPC overlay.




Figure A - 6. Examples of sandblasted Underwater Abrasion disks prior to application of UHPC
overlay.



Appendix B — Underwater Abrasion Photos
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Figure B - 1. Samples C-1through C-3. Initial condition versus six cycles of abrasion.
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Data Sets that Support the Final Report

Test results can be found in the following location:

T\ENGRLAB\MERL\Science and Technology\FY 17\Lucero\UHPC Liners - 1789\Test
Results
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