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MMFX, (ASTM A1035) CONCRETE REINFORCING STEELS

TWICE THE STRENGTH OF CONVENTIONAL STEEL

MMFX, rebar offers twice the strength of conventional steel (120 ksi vs 60 ksi).
That means:

» Less Steel
Engineering the structure using high-strength rebar (100+ ksi)
reduces the amount of rebar needed for the project by 20% — 50%

» Less Labor
Labor costs can be lowered by up to 60%

» Less Congestion
Structures can be designed with less congestion, as illustrated

» Better Constructability
Higher strength steels provide more flexibility and efficiency in design CONVENTIONAL STEEL

» Faster Construction Timelines
Less steel and less congestion leads to shorter construction times
and faster project completions

» Handles Like Conventional Steel
e Can be fabricated on conventional fabrication equipment
e Better ductility than other high-strength steels (7% — 16%)

MMEFX, (ASTM A1035/ AASHTO MP 18) rebar is appropriate for use as
concrete reinforcement in commercial, industrial, utilities, waterways,
transportation and other reinforced concrete applications, including:

e Buildings (piles, foundations, slabs, beams, columns)

Bridges (decks, girders, columns, abutments) MMFX, STEEL
Retaining walls, marine facilities (docks, piers, fenders, etc.)

Pavement (dowel bars and lane tie bars)

Cast-in-place and precast reinforced concrete members.

The columns shown above
provide the same strength l
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MMFX, (ASTM A1035) CONCRETE REINFORCING STEELS

MMFX, steel rebar meets or exceeds the requirements of ASTM A615 (Grades 75 and 80), ASTM A1035 (Grades 100
and 120), and AASHTO MP 18 (Grade 100), enabling structural engineers to improve the way buildings, highways, and
bridges are designed and built.

Historical strength requirements for conventional steel customarily dictated 60 ksi (Grade 60). MMFX,, by comparison,
establishes today’s steel standard at minimum yield strengths of 100 ksi (Grade 100) — and even 120 ksi (Grade 120).

The figure below shows the stress-strain curves for MMFX,

MMFX, is approved for use in the United States, Canada, Mexico and Gulf Corporation
Council (GCC) countries — after rigorous testing from the industry’s most influential AVAILABILITY

authorities, including:

REBAR: #3 - #11,
e Federal Highway Administration #14, & #18

e Virginia Transportation Research Council COIL:  #3 & #4
¢ Florida Department of Transportation

e Louisiana Department of Transportation
e Michigan Department of Transportation

SMOOTH ROUND DOWELS:
1-1/4 & 1-1/2 inch

diameter
e New Jersey Department of Transportation
e South Dakota Department of Transportation CUSTOM MILL-CUT
¢ lowa State University LENGTHS:
e University of Kansas Available by special order

of 25 tons or greater and a

e University of South Carolina minimum length of 20°

e Concrete Innovations Appraisal Service (CIAS)

Concrete structures stand on the strength of steel. That is why top project managers, engineers and
fabricators use the strongest rebar on the market today:

MMEFX, Steel. Today'’s Steel Standard.
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TODAY’S STEEL STANDAR
CORROSION OVERVIEW

MMFX, (ASTM A1035) CONCRETE REINFORCING STEELS

PROVEN CORROSION-RESISTANT TECHNOLOGY

) |

The world’s best engineered bridges, roads and building structures start with
MMEFX, - independently tested and proven to be 5 times more corrosion-resistant

than conventional steel.
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The answer to corrosion problems caused by:
e Deicing salts and chemicals
e Marine environments
e Aggressive soils composition

High humidity

Severe daily temperature swings
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Specifying MMFX, concrete reinforcing steels resolves concerns about declining
service life and spiraling life-cycle costs for bridges, highways and other commercial-
grade structures due to harmful corrosion.

Structures built with MMFX, rebar deliver:
L 100-year+ service life Lower Life_Cycle Costs

e Lower life-cycle costs
e Superior corrosion protection compared to black steel
e Lower material costs compared to stainless steels

P fis s 1l /e /()
i oY SR /e /

$100
Approved for use in the United States, Canada, Mexico and Gulf Corporation - $80f
Council (GCC) countries — after rigorous testing conducted by the industry’s leading g 360 <15%of ECR
authorities, including: § 340 /
$20
e Federal Highway Administration ) N
e \Virginia Transportation Research Council 2 bAli1RG,
e Florida Department of Transportation
e Louisiana Department of Transportation <15% the life-cycle
e Michigan Department of Transportation costs of epoxy coated
e New Jersey Department of Transportation rebar per VTRC LCCA
e South Dakota Department of Transportation based on 75-year SL
¢ |owa State University
e University of Kansas = =2 === _

e University of South Carolina
e Concrete Innovations Appraisal Service (CIAS)
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TODAY’S STEEL STANDAR
CORROSION OVERVIEW

MMFX, (ASTM A1035) CONCRETE REINFORCING STEELS

Reinforced concrete corrosion begins when the chloride concentration at the reinforcing steel surface reaches a
critical chloride threshold value (CT).

Once corrosion is initiated, progressive cracking and spalling of the concrete follow, based on the corrosion rate (CR)
of the reinforcing steel. Deterioration of the structure continues until the structure’s service life is ended.

Damage Accumulation Projection for Black Steel vs. MMFX; Steel Reinforcements
& AMOUNT OF CORROSION DAMAGE TO CONCRETE REQUIRING REPAIR
/l
1

30-40 years 150-200 years
MMFX, STEEL :

A

T

BLACK STEEL / 1 TIME TO INITIAL REPAIR
- FOR CONCRETE

A

TIMETO INITIAL
REPAIR

CORROSION
INITIATION

AMOUNT OF CORROSION DAMAGE
TO CONCRETE STRUCTURE

TIME AFTER CONCRETE STRUCTURE CONSTRUCTION

Comparison of corrosion resistance performance of MMFX, (ASTM A1035) to black steel:
CT — MMFX, steel ~ 3-6 times > black bar
CR — MMFX, steel ~ 1/2 the CR of black bar

Competing corrosion products such as epoxy-coated rebar offer little corrosion protection based on actual field
studies. Stainless steel rebar provides favorable corrosion-resistance properties, but the high upfront cost typically
makes it a non-feasible option, as shown below.

MMFX, Rebar Con. Black Rebar Epoxy Coated Stainless Steel

Strength Grade 100-120 40-75 40-75 40-75

Life Cycle Costs ($/ft?) $13.30 $83.90 $92.50 $22.00

*Total expenditures over 75-year life of decks at Virginia bridge deck percentile corrosion tolerance of 10%
Source: VTRC Report 06-R29

When it comes to steel, the problem is always corrosion.
Fortunately, the best engineering and scientific minds in the business have discovered the answer:

MMEFX; Steel. Today’s Steel Standard against corrosion.
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STEEL STANDARD
SERVICE LIFE OVERVIEW

MMFX, (ASTM A1035) CONCRETE REINFORCING STEELS

OVER 100-YEAR SERVICE LIFE

MMFX, uncoated corrosion-resistant, high-strength concrete reinforcing bars extend the operational service life of structures
beyond 100 years. Extending the operational service life — the time from construction to first repair — significantly lowers
life-cycle costs, especially important for bridges, marine piles and severe soil applications.

Independent studies show that only MMFX, and stainless steel rebar meet the 100-year operational service life standard.

COMPARATIVE TABLE OF SERVICE LIFE IN YEARS FOR VARIOUS REINFORCEMENT & ENVIRONMENTS*

Exposure Bridge Marine Piles Severe Soils
Concrete Type Bridge LP Pile Mix LP Pile Mix LP
Minimum Cover 1.5in (37.5 mm) 2.0in (50.0 mm) 1.5in (37.5 mm)
Reinforcement Type:

Black Bar (BB) 25 26 18

Epoxy Coated (ECR) 34 35 18
Galvanized (GS) 76 64 57
MMFX, ASTM A1035 >100 >100 >100

UNS S32304 (Stainless Steel) >100 >100 >100

* Reinforcing Steel Comparative Durability Assessment and 100 Year Service Life Cost Analysis Report, Tourney Consulting Group, LLC, May 2012.

The life of a structure goes through three stages:
e Stage 1 (corrosion initiation) — time for chlorides to penetrate into the concrete to the level of the steel and reach
the corrosion threshold level of the steel.
e Stage 2 (propagation) — time from initiation of corrosion to initiation of concrete spalls.
e Stage 3 (repair) — period after spalling when repairs temporarily extend life of structure.
MMEFX, rebar extends the operational service life by delaying the concrete spalling and need for first repair beyond 100 years by
delaying corrosion initiation with a higher chloride threshold and slowing propagation due to a lower corrosion rate.

i Stage 1 MMFX, . Stage 2 MMFX,
Stage 1 ., Stage2 Stage 3 .
Initiation Propagation Repair
a Economic Limit = | N )
8 End of Economic
= ice Li = Black Steel
] Potential End of gearcel o
2 Operational Service Life —— MMFX,
E T
©
a Repair
Barrier Event
System Reduces
Life Damage " —_
Corrosion Initiation Corrosion Initiation
/ e
=
19 25 40 55 70 >100
Time (years)
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STEEL STANDARD
LIFE CYCLE COST OVERVIEW

MMFX, (ASTM A1035) CONCRETE REINFORCING STEELS

On average rebar accounts for approximately 1% - 4% of the total cost of construction. Therefore, for a structure that can cost
millons of dollars, a construction material that represents only 1% - 4% of the costs ultimately determines the operational service
life expectancy of the structure. In addition, repair costs easily overshadow minor differences in initial construction costs, so
using MMFX, rebar can greatly reduce the overall costs of a structure.

LIFE-CYCLE COST ANALYSIS (LCCA) BASED ON 100-YEAR SERVICE LIFE (NPV $/FT?)*

Exposure Bridge Marine Piles Severe Soils
Concrete Type Bridge LP Pile Mix LP Pile Mix LP
Minimum Cover 1.5in (37.5 mm) 2.0in (50.0 mm) 1.5in (37.5 mm)
Reinforcement Type: Current estimated costs include direct in-place costs + repair costs, if applicable**

Black Bar (BB) $20.14 26 yr. Replacement*** 18 yr. Replacement***
Epoxy Coated (ECR) $17.79 35 yr. Replacement*** 18 yr. Replacement***
Galvanized (GS) $14.86 64 yr. Replacement*** 57 yr. Replacement***
MMEFX, — Gr. 60 $14.40

MMFX, — Gr. 75 $11.28 > 100 yr. Replacement*** | > 100 yr. Replacement***
MMFX, — Gr. 100 $8.64

UNS S32304 (Stainless Steel) $30.36 > 100 yr. Replacement*** | > 100 yr. Replacement***

* Reinforcing Steel Comparative Durability Assessment and 100 Year Service Life Cost Analysis Report, Tourney Consulting Group, LLC, May 2012.
** Costs exclude indirect and road user costs during construction and repair.
*** Repairs in these applications are not possible. Total replacement is required at the respective service lives.

MMFX, clearly provides the lowest life-cycle costs for a 100-year operational service life, but you do not have to wait 100 years
to reap the cost savings. Even at the standard 60 ksi (420 MPa) strength, the cost savings of MMFX, is realized at first repair. The
graph below shows the relative costs of MMFX, compared to ECR after first repair necessary in year 34 for ECR reinforced structures.

$60
MMFX, vs ECR (Deicing)
Cumulative Costs After Initial Repair - Year 34

$50

$40

$30

$20

$10

In-Place Costs In-Place Costs

Costs for Reinforcement & Repair ($/sq ft)

$0

MMEFX, ECR

Additional Upfront Savings Using High-Strength

By utilizing MMFX, rebar's higher strength of 100 ksi (690 MPa), bridges, piles and buildings can be designed with 20% — 50% less
steel, reducing up front material, labor and other associated construction costs. See examples of service life costs for MMFX,
Grades 75 (520) and 100 (690) in the LCCA table above.

For details on the analyses summarized above, please refer to Reinforcing Steel Comparative Durability Assessment and 100 Year Service Life Cost
Analysis Report, Tourney Consulting Group, LLC, May 2012 — Available upon request.

MMEFX, Steel. Today’s Steel Standard.
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ChromX™ 4100 Grade 100, high-strength reinforcing steel provides
the perfect blend of value and benefits for large construction projects.
With a yield strength of 100 ksi, it allows for the use of up to 40%
less reinforcing steel. This means engineers can solve difficult rebar
congestion problems, while owners and contractors realize significant
up front construction cost and time savings.

HIGHSTRENGTHIVITHDUCTINTY]
GRADERIO0ISTEED

The unique technology and chemistry used to manufacture
ChromX 4100 produces a Grade 100 steel that maintains
excellent ductility. This means it can be fabricated just like
common lower strength reinforcing steels without any special
handling requirements.

B Solve Rebar Congestion B Lower Cage Weights

B Reduce Mat Foundation Steel B Less Fabrication Scrap
B Improve Concrete Placement B Fewer Couplers

B Lower Rebar Placing Costs B Less Jobsite Transit and
B Reduce Placing Time Storage

Specifying and Designing
with ChromX 4100

ChromX 4100 is specified as ASTM A1035
with a modified chemistry.

ACl ITG-6R-10 Report

2010 American Concrete Institute (ACI) Innovative
Task Group report outlined the use of ASTM A1035
Grade 100 steel in reinforced concrete structures.
The report details considerations of using Grade 100
steel within the framework of ACl 318-08

ICC-ES Evaluation Report ESR-2107

Provides design guidance for using ASTM A1035
up to 100 ksi beyond the current ACI 318
limitations. ESR-2107 demonstrates how ASTM
A1035 Grade 100 complies with all applicable
areas of the 2012 and 2009 International
Building Code® (IBC)

AASHTO LRFD Bridge Design Specification
2013 interim revisions of AASHTO LRFD

Bridge Design Specification allows reinforced
concrete bridges to be designed using
high-strength reinforcing steels

up toa 100 ksi yield strength.

Corrosion Resistance

Due to its chrome content ChromX 4100 offers
greater corrosion resistant than black steel.
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CHROMNM X

DESIGN EXAMPLE

Typical Stress-5train Curves for ChromX 4100 Reinforcing Bars

Conventional Design

180,000 £ —J1200 60 ksi (420 MPa) Y|eId Strength
160,000 |- % —
140,000 e
120,000 |~ N {00
B g ChromX 4100
& 100,000 £ Grade 100 (690) ]
£ = —_— - 600
& 80,000 4
So00 A615/A 615M Grade 60 (420) 1%
40,000 |
' -| 200
20,000 ChromX 4100 Design Improvement
g N I S S S | 100k5|(690MPa)Y|eIdStrength
o 10 20 30 40 50 60 70 80 :
Strain. 0.007 infin
REBAR: #3 - #11, #14, & #18
(7]
ﬂ COIL: #3 & #4
™ SMOOTH ROUND DOWELS: 1-1/4 & 1-1/2 inch diameter
od
g CUSTOM MILL-CUT LENGTHS:
Available by special order of 25 tons or greater and a minimum length of 20’

Physical Properties of ChromX 4100

- . . Bar Diameter | Cross-Sectional Weight

M Tensile Propert Grade 100 [690 ’
nimum fensfie Froperties rade 100 [650] Designation No. in[mm] Area,in’[mm? | Ib/ft [kg/m]
Tensile strength, min. psi [MPa] 150,000 [1030] 3[10] 0.375[9.5] 0.11[71] 0.376[0.560]
Vieldstrength (0.2% offel) 4113] 0.500[12.7] 0.20[129] 0.668 [0.994]
min. psi [MPa] 100,000 [690] 5[16] 0.625[15.9] 0.31[199] 1.043[1.552]
” e -~ 6[19] 0.750[19.1] 0.44 [284] 1.502[2.235]

ress corresponaing to an extension
under load of 0.0035 in in. 7122] 0.875[22.2] 0.60 [387] 2.0443.042]
(0.0035mm/mm), min. psi [MPal 80,000 [550] 8[25] 1.000 [25.4] 0.79[510] 2.670[3.973]
9[29] 1.128[28.7] 1.00 [645] 3.400 [5.060]
Y o

Sl 00 11 A2 ity 10[32) 12703231 | 1270819] | 4303 [6.404]
Bar Designation No. 3 1136] 1.410 [35.8] 1.56 [1006] 5.313[7.907]

through 1110 through 36] 7 14[43] 1693 [43.0] 225014521 | 7.65[11.38]
Bar Designation No. 14, 18, [43, 57] 6 18[57] 2.257[57.3] 4.00[2581] 13.60 [20.24]

MMFX Steel Corporation of America

-
-
|
3
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HIGH-STRENGTH & CORROSION RESISTANCE
Unmatched Value from Beginning to End Up to 2X Stronger

High-strength and corrosion-resistant MMFX, reinforcing steel solves difficult design
and construction challenges. Utiliziing MMFX, Grade 100 steel can relieve rebar
congestion, lower material requirements, and save construction time and labor.
Its uncoated corrosion protection means no additional cost from special handling,

coating inspection and repair. 100+ year Service life

Uncoated Corrosion
Protection

High-Strength Rebar — With Ductility
The unique formulation of MMFX, reinforcing steel offers corrosion protection
and the capability to achieve the 100/120 ksi yield strengths of the (ASTM A1035)

Lowest Life Cycle Cost

specification while maintaining excellent ductility. The recent changes to the |ndus|ry Standards
AASHTO LRFD Bridge Specifications and the new ICC-ES AC 429 criteria open ASTM A1035
the door for engineering bridges and other structures with Grade 100 steel.

Utilizing the high strength properties of MMFX, steel can lower initial material AASHTO MP13

costs, solve rebar congestion issues and save construction time and labor costs.

Corrosion Protection — With No Coating

Uncoated MMFX, provides all of its corrosion protection benefits without the
labor intensive special handling requirements, field coating inspections and
repairs, or special fabrication needs of coated rebar. It features all the ease of
construction found in standard black bar — with all the benefits and superior
performance of a technically advanced product.

100+ Years of Service Life —the MMFX, Advantage

MMEX, reinforcing steel has been independently proven to exceed the 100-year
service life without repair requirement that is now being specified in bridge and
infrastructure projects by many DOTs and public agencies in North America.
Forward thinking owners are realizing that historical rebar options are not
standing the test of time in corrosive environments and they are working to
avoid the burden of high maintenance costs. Solid stainless steel rebar can also
meet this lifetime requirement but the higher price is seldom justified when
MMEX, rebar provides the 100+ year solution at significantly lower costs.

Smart Money - Life Cycle Cost
Prudent owners and experienced design and construction professionals look at more

MMFX, Reinforcing Steel

than just the initial cost of materials when deciding on the best reinforcing steel Proven to lower costs
options. Using Life Cycle Cost Analysis, many public agencies have found that MMFX, and reduce build times while
rebar can save them and their taxpayers millions of dollars in future rehabilitation solving some of the most difficult

costs when compared to standard or epoxy coated rebar. It does not take a lifetime
to realize these savings. The benefits of MMFX, are realized in the first 20-30 years
when repairs would be required if traditional rebar products were used.

design and construction challenges.

For more information
866.466.7878
info@mmfx.com

2415 Campus Drive, Suite 100 Irvine, CA 92612 USA Tel: 949.476.7600
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ODAY’S STEEL STANDARD®

MMFX PRODUCT INFORMATION JANUARY 2014

MATERIAL PROPERTIES AND DESIGN CONSIDERATIONS
MMEFX, (ASTM A1035/AASHTO MP18) and CHROMX 4100 GRADE 100
Concrete Reinforcing Steel and Pavement Dowels Bars
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The information and data in this document are accurate to the best of MMFX's knowledge and belief and are intended for general
information only. MMFX cannot be held responsible for inaccuracies of any third party information contained herein. The information
herein may be changed or updated at anytime without notice. All information contained herein is subject to MMFX's standard terms

and conditions.
© 2014 MMFX Technologies Corporation and its subsidiaries and affiliates (MMFX). All rights reserved.

MMFX STEEL - PRODUCT INFORMATION — MATERIAL PROPERTIES AND DESIGN CONSIDERATIONS - JANUARY 2014 20f 35



mailto:info@mmfx.com

http://www.mmfx.com/



1. Product Description
A. MMFX Steel

MMFX Steel offers concrete reinforcing bars that provide unique properties such as uncoated corrosion-
resistance as well as high-strength. These products are sold under the brand names of MMFX2 and ChromX
4100.

e MMFX: Concrete Reinforcing Steel

MMFX> steel bars are uncoated, corrosion-resistant, high-strength steel-reinforcing products that meet or
exceed the mechanical properties of ASTM A615 Grades 75 and 80, ASTM A1035/A1035 M (Ref 4.C.3),
and AASHTO Standard Specification MP 18M/MP 18 (Ref 4.C.4). MMFX2’s material properties (corrosion-
resistance and high-strength) result from both its chemical composition and manufacturing process.

Figure 1 - MMFX: Steel Plain and Deformed Bar

e ChromX™ 4100 Concrete Reinforcing Bars

ChromX™ 4100 Grade 100 high-strength reinforcing steel bars are specified as ASTM A1035/A1035
M (Ref 4. C.3) Grade 100 with a modified chemistry.
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B. Material Composition
o MMFX: Concrete Reinforcing Steel

Conventional carbon steels have a microstructure of chemically dissimilar phases of carbide and ferrite.
Carbides are strong, yet brittle and pinned to the grain boundaries. In a humid environment, a battery-like
effect occurs between the carbides and the ferrite matrix that degrades steels from the inside out. This
effect, (so called microgalvanic cell}, is the primary corrosion initiator that drives the corrosion reaction.
MMFX’s patented proprietary steel technology forms a matrix with substantially no-carbides.

MMFX: steel is a low-carbon, chromium alloy steel that is produced
as part of a controlled-rolling production process (i.e. rolling steel
within a well-defined temperature range and cooled at a specific
rate). The combination of chemical composition and manufacturing
process produces a steel that has a completely different structure at
a nano scale (i.e. a laminated lath microstructure resembling
“‘plywood” — See Figure 2). Steel made using MMFX
nanotechnology minimizes the formation of microgalvanic cells (the
driving force behind corrosion). MMFX’s “plywood” effect provides
superior strength, ductility, toughness, and corrosion resistance.

Most steel exhibits strength at the cost of ductility (or brittleness).
Steel that is made using MMFX’s nanotechnology is not only
. - stronger and tougher (not brittle), but is also significantly more
corrosion-resistant than conventional steel. This technology and material composition has enabled the
development of high-strength, cost-effective MMFX steels.

Since initial production by MMFX Steel in 2001, the chemical composition has remained consistently the
same as indicated in Table 1 from numerous commercial heats.

Table 1 - MMFXz2 (ASTM A1035/AASTHO MP 18) Material Composition

(Maximum weight percentage of chemical constituents, except where noted * **)

C% Cr% Mn% | Si% S% P% Cu% | Ni% | Mo% | N?ppm

Average Heat Chemistry 0.074| 9.305 |0.619 | 0.147 | 0.014 | 0.009 | 0.171 | 0.118 | 0.023 | 177.4

ASTM A1035 Certification 0.15 |[8t0 10.9*| 1.5 0.50 | 0.045 | 0.035 ) ) ) 500

AASHTO MP 18 Certification | 0.15 | 9.2 ** 15 0.50 | 0.030 | 0.045 ) ) ) 200

* Range is given as per ASTM A1035
** Minimum weight is specified as per AASHTO MP 18

e ChromX™ 4100 Concrete Reinforcing Bars

ChromX™ 4100 Grade 100 steel concrete reinforcing bars are produced in the same manner as MMFX2
bars with a similar material composition and microstructure as MMFX: bars, except they have a reduced

chromium content. These bars meet the mechanical properties of ASTM A1035/A1035 M Grade 100 (see
also Section 3. B. High Strength Design Applications).
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C. Products

MMEX Steel Concrete Reinforcing Bars

MMFX2 and ChromX™ 4100 bars are available in the North American and Middle East markets with the

following concrete reinforcing steel products:

North American Market
o #3through #11, #14 & #18 standard bar sizes
e Standard 60 ft. Straight-length-bundle quantities #4 through #11, #14 & #18 standard bar sizes

e Standard 40 ft Straight-length-bundle quantities or coils #3 and #4 standard bar sizes

e Custom-mill-cut lengths up to 72 feet available (80 feet max. - #11, #14 and #18) by special order
in 25 ton or greater increments

e Smooth bar material (i.e. pavement dowels) available in 1% and 1% inch rounds
e ASTM A1035/A1035M-13b — Grade 100
e AASHTO MP 18M/MP 18-09 — Grade 100

Middle East Market
o 12,14, 16, 18, 20, 25, 32 mm standard bar sizes (Middle East market)

e 36 and 40mm bar sizes - special order (Middle East market)
¢ Custom-mill-cut lengths available by special order only in 25 tons or greater increments
¢ Available in straight-length-bundle quantities from MMFX

e ASTM A1035/A1035M-13b — Grade 100

Mechanical splices (couplers) and anchorages (headed bars)

e High Strength and Corrosion Resistant couplers and headed bar are available from major coupler

manufacturers. Please consult with MMFX Technologies for information related to couplers.
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2. Material Properties

A. Corrosion Resistant

MMFX2 (ASTM A1035/AASHTO MP 18) rebar’s corrosion resistance, in terms of its critical chloride
threshold level (CCTL - the quantity of chloride in concrete that initiates corrosion), has been demonstrated
to be more than triple the CCTL of ASTM A615 conventional carbon steel bar. Figure 3 is a schematic
graphic illustration comparing MMFX steel’s corrosion protection in relation to conventional black steel,
where Ti is time to corrosion initiation and Tp is time for corrosion propagation to the structure’s end of
service life. MMFX steel’s corrosion resistance means that it takes a significantly longer time for corrosion
to start and progress to the extent that requires repair to a structure, than it does for conventional black
steel.

The life of a reinforced concrete structure goes through three corrosion related stages as follows:

1. Stage one (corrosion initiation) - time for chlorides to penetrate into the concrete to the level of the
steel and reach the CCTL and initiate corrosion.

2. Stage two (propagation) - time from initiation of corrosion to initiation of first concrete spalls.
3. Stage three (repair) - time during the service life interval requiring repairs.

Figure 3 is a schematic graphic illustration comparing MMFX steel’s corrosion protection in relation to
conventional black steel.

Stage 1 MMFX, Stage 2 MMFX,
Stage 1 _ Stage2 Stage 3 .
Initiation Propagation Repair

Economic Limit End of Economic

Potential End of Service Life

Operational Service Life
—_—

Damage (Cost)

Repair
Barrier Event

System Reduces
Life

/ Corrosion Initiatign /— Black Steel Damage  (orrosion Initiation MMEX,

s

19 25 40 55 70 >100
Time (years)

Figure 3 - MMFX2 Comparative Corrosion Protection

MMFX2 (ASTM A1035/AASHTO MP 18) steel’s corrosion performance has been demonstrated by various
test methods with a variety of reinforcing steel surface conditions, as illustrated in Table 2. MMFX3’s
corrosion resistance is measured in each of Table 2’s testing programs by comparing the test results in
relationship to black steel as the basis for measurement. Each test program included both MMFX> and
black steel, either with or without mill scale. A number of these corrosion performance test programs also
incorporated different types of stainless steel bars, with and without mill scale. The table reflects each test
result as a ratio of the test’'s measured corrosion performance value for black steel to the different reinforcing
materials that were part of these test programs. For example, Ref. 4.A.16 the “WJE Report” reported a
chloride threshold for ASTM A1035 (MMFX>) of 12.7 Ib/cy and black steel of 3.8 Ib/cy for a test result ratio
of 3.3:1 for MMFX to black steel.
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Table 2 - Measured corrosion performance of MMFX; (ASTM A1035/AASHTO MP 18)

Basis for corrosion % Test Sample Surface Condition
c
Corrosion Program Test| Eneer;osrtrj]::;(;t asa bt
Ref (See "4.A.Corrosion| -0 ASTM £ “As Received” with mill scale without millscale {*polished”}-[pickled]
Test Reports”) A615 Black Steel | —
base material 8 ASTM |[3Crl2 | 2201 |2205|304 | 316 ASTM (3Cr12| 2201 |2205| 304 | 316
F | A1035 | SS |LDXSS| SS | SS| SS | A1035 SS |LDXSS| SS | SS | SS
Ref. 4 - ACI Materials .
Jounal106-M22 - %‘:g;'ﬂgl dratio || 39 [11.7]
Mar/Apr 10
Ref 6 — NRC Canada ) 5
Report IRC RR-284 - 'CI':rTrlggggld ratio mﬁ?hs sl [21]
Sep 09 blasted
Ref 9 - FHWA-HRT-09- | Chloride 6
020 - May 09 Threshold ratio yrs = [4.4] | [36] [10-2] |[13.9]
Ref 15 - UCB test Corrosion rate 1
II\Q/IZ'?%% (um/yr) ratio day (s
Ref 16 - WJE Report Chloride 232 3.3
No. 2003.0707.0 - Feb | Threshold 3.0 sand [>5.4]
h wks
08 ratio blasted
Ref 10— Mich. DOT | Somparative 196
Report Performance wks i) PRl
R-1499 - Sep 07 reported (A)
Ref 20 - FHWA-HRT- | . .
o7- conosion rato (&) | wks | 3 22 | NA 28] NA
039-0-Jul 07
Ref 21 - FHWA No. Polarization 78 35 73
S/CA/RI-2006/27 - Jan | Resistance wks machined [clad]
07 (Rp) ratio (C)
Ref 24 - CTRE Project | Time to corrosion | 31 6.2
02-103 - May 06 initiation ratio (D) | wks '
Ref 26 - Percent wt loss 26
FHWA/NC/2006-31 ratio --wet/dry test 0.24
wks
Dec 05 exposures
Southern
Ref 27 - U of Kansas -
SM Report No. 80 - Dec Exposgre Test -- 96 0.49 135 | 0.07 (053] [<0.01
Corrosion rate wks ]
05 .
(um/yr) ratio
. Chloride
%Iig\gmg‘?”ms Threshold ratioto | 5 | o, - [10.6] | [22.6]
Mar/Apr 05 A615 with mill wks {13.0} | {14.5}
scale
Ref 33 - VTRC Report | Time to corrosion | 35 [>11.
04-R7 - Dec 03 ratio wks 2 18 [PLLE] 8]
Note (A) Program terminated after A615 activated without activation of A1035 samples
(B) A615 bar activated at 35 days per test criteria, 2205 SS and 316 SS sample did not activate during program
(C) ASTM A1035 machined to size to provide program’s 1 %’ dia. Samples
(D) A615 bar activated at 35 days per test criteria
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Material Service Life

An assessment of MMFX2 (ASTM A1035/AASHTO MP 18) rebar’s corrosion resistance performance is
made through the measure of its service life and/or critical chloride threshold level (CCTL), as noted in 4.A
“Corrosion Test Reports.”

e Berke (Ref 4.A.1) reported that A1035 bars exceeded a 100 year service life in the study’'s
comparative analysis of various CRR materials in bridge decks, marine and soil piles structures,
located within various environmental settings.

e Williamson and Weyers (Ref 4.A.13) indicated that A1035, when used in conjunction with LCP (low-
permeability concrete), provides greater than 200 year service life.

e Cuiand Krause (Ref 4.A.16) noted that A1035 would provide about 2 times the service life and had
approximately 3 times the chloride threshold of carbon steel.

e Darwin and Browning (Ref. 4.A.18) said that corrosion initiation in uncracked bridge decks would take
about 3.8 times longer than black steel; and 2.4 times longer than galvanized (zinc coated) rebar.
This study replicated some of the findings of Pianca and Schell (Ref 4.A.29) concerning galvanized
(zinc coated) rebar.

e LaNier and Springston (Ref 4.A.28) states that on the US Navy’s modular pier project, A1035 saved
about $2.8 million over the original proposed design, while providing a 75-yr service life.

e Clemefa and Virmani (Ref 4.A.31) reports that A1035’s chloride threshold is about 5 to 6 times that
of black bar and 2 times that of 2101 LDX bars.

These studies consistently demonstrate MMFX2’s ability to provide long-term corrosion performance and
added value to structures in corrosive environments.
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B. High-Strength

MMFX2 (ASTM A1035 Grade 100 (690)) and ChromX™ 4100 bars are certified as indicated in Table 3 for
their tensile, yield and elongation properties.

Table 3 - MMFX2 / ChromX™ 4100
Mechanical Tensile Test Properties (ASTM A1035/AASHTO MP 18)

Grade 100 [690]

Tensile strength, min, psi [MPa] 150,000 [1030]

Yield strength (0.2% offset, min, psi [MPa] 100,000 [690]

Stress corresponding to an extension under load

of 0.0035 in.fin. (0.0035mm/mm), min. psi [MPa] LU

Elongation in 8 in. [200 mm], min.%;
Bar Designation No. 3 through 11 [10 through 36]

Bar Designation No. 14,18, [43, 57] 6

MMFX2 and ChromX™ 4100 rebars are appropriate for use as concrete reinforcement in building, industrial,
transportation and other reinforced concrete applications. These bars provide added value for structures
designed utilizing a yield strength of 100 ksi (690 MPa), providing up to 40% savings in material, fabrication
and installation for structural applications, such as buildings and bridges.

MMFX2 (ASTM A1035/AASHTO MP 18) bars have been used in building (piles, foundations, slabs, beams,
columns), bridge (decks, girders, columns, abutments), retaining walls, marine facilities (docks, piers, fenders,
etc.), pavement (dowel bars and lane tie bars) and other related cast-in-place and precast reinforced concrete
members. Common application of the product is structures that can benefit from both the high-strength and
corrosion resistance of MMFX2

ChromX™ 4100 bars are ideal for reinforced concrete structures which do not require the same level of
corrosion protection as MMFXz bars but the benefits of the high yield strength 100 ksi (690 MPa) is desired.

MMFX2 and ChromX™ 4100 steel rebars meets or exceeds the mechanical requirements of ASTM A615 Grades
75 and 80, ASTM A1035 Grade 100, and AASHTO MP 18. Section 3 B “High Strength Design Applications”
provides engineers with assistance in the safe and efficient use of MMFX2 rebar's high strength properties.
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3. Design Considerations

MMFX2 (ASTM A1035/AASHTO MP 18) rebar’s unique combination of mechanical and corrosion-resistant
properties enables the engineers to desigh more durable, economical and safer structures. Use of MMFX2
rebars mitigate many of the corrosion and rebar congestion problems facing the concrete construction
industry. MMFX_ products are intended for concrete-reinforcement use and are not recommended for
applications outside of concrete.

A. Corrosion Protection Applications

Corrosion-resistant MMFX> rebars are ideal for structural members and systems exposed to, or in direct
contact with, corrosive environments, such as: marine environment, de-icing salts, foundation systems in
high water tables, or corrosive soil conditions. MMFX rebars have been successfully used in the following
applications for corrosion protection: bridge decks and beams, foundation piles and systems, pavement
dowel and tie bars, diaphragm walls, marine structures and seawalls, industrial equipment foundations, and
exposed balconies. Structural systems reinforced with MMFX; rebars have been shown to achieve design
service lives in excess of 75 years.

B. High Strength Design Applications

e ACI Building Code Design Considerations

The high-strength property of MMFX2 rebars has been demonstrated to be cost-effective, improve
constructability, and reduce construction schedules. The American Concrete Institute (ACI) published the
ITG-6R-10 document “Design Guide for the Use of ASTM 1035/A1035M Grade 100 (690) Steel Bars for
Structural Concrete” (Ref 4.B.10), which was prepared to provide engineers assistance in the safe and
efficient use of MMFX>’s high strength properties. The ITG-6R-10 is largely based on the research and
studies noted in Section 4.B Structural Reports and provides design recommendations for structural
components including: beams, columns, slab systems, walls, footings and pile caps; and mat foundations.
The recommendations address the design limitations of ACI 318-08 “Building Code Requirements for
Structural Concrete” in utilizing high-strength rebars.

Flexural Design

The ITG-6R-10 concludes that flexural design of concrete members reinforced with MMFX: rebar follows
the same methodology as that of members reinforced with conventional steel bars. A simplified flexural
design method for ASTM A1035 steel, together with an idealized elastic-plastic stress-strain relationship,
form the basis for flexural design. Compression-controlled and tension-controlled strain limits for members
designed with ASTM A1035 rebars at design strength of 100 ksi [690MPa] are modified to 0.004 and 0.009
respectively, to ensure comparable level of displacement and curvature ductility as members with
conventional rebars. Due to strain compatibility with concrete, design strength for rebars in compression is
limited to 80 ksi [550 MPa]. Development and splice lengths can be adequately determined using ACI 318-
08 provisions for confined splices, and using the modified equation in ACI 408R-03 “Bond and Development
of Straight Reinforcing Bars in Tension” for both confined and unconfined splices.
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Transverse Reinforcing

Design requirements for transverse reinforcing steel have increased over time, particularly in concrete
columns, shear walls and piles. Reinforcing steel required for these designs may either exceed the practical
capacity of conventional steel bars, or result in significant steel congestion, as seen in Figure 4. As a result,
reinforcing bar placement and concrete consolidation has become difficult in these reinforced concrete

structures.

Figure 4

;
e B

— Conventional Rebér Congestoh

= —

The ITG-6R-10 concludes that stirrups used as shear reinforcement may be designed at 80 ksi [550 MPa]
when shear cracking is not critical. The ACI 318-05 building code previously allowed the use of 100 ksi
[690 MPa] for design of transverse spiral reinforcement. In addition, the ACI 318-08 building code permits
the use of ASTM A1035 steel bars in transverse reinforcement ties for seismic confinement purposes,
allowing a yield strength up to 100 ksi [690 MPa], for special moment frames and special structural walls.

ICC ES Evaluation Report ESR 2107

ICC ES Evaluation Report ESR 2107 (ref 4.C.10) provides guidance for reinforced concrete designs utilizing
reinforcing ASTM A1035 Grade 100 bars and is compliant with 2012 and 2009 International Building Code®
(IBC). ESR 2107’s Annex 1 - Table A1 summarizes allowable bar yield strengths for various structural

members.

Table Al Specified Yield Strengths for Design of Members Using ASTM A1035/A1035M Grade 100

Reinforcement

Type of member

Longitudinal reinforcement

Transverse reinforcement

Tension, psi (MPa)

Compression, psi

Shear, psi (MPa)

Torsion, psi (MPa)

Confinement, psi

(MPa) (MPa)
Beams 2&%5”‘3""""“’ 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) N/A
Columns 100,000 (6904a) 80,000 (550) 80,000 (550) 60,000 (410) 100,000 (690)
Tension ties 80,000 (550) N/A N/A N/A N/A
Compression struts N/A 80,000 (550) N/A N/A N/A
Two-way slabs 100,000 (690) 80,000 (550) 60,000 (410) 60,000 (410) N/A
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Longitudinal reinforcement Transverse reinforcement
Type of member Compression, psi Confinement, psi
Tension, psi (MPa) (MPa) Shear, psi (MPa) | Torsion, psi (MPa) (MPa)
Walls 100,000 (690) 80,000 (550) 80,000 (550) N/A 100,000 (690)
Footings and pile caps 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) N/A
Mat foundations 100,000 (690) 80,000 (550) 80,000 (550) N/A N/A

e AASHTO LFRD Design Considerations

The AASHTO LRFD Bridge Design Specifications 2013 Interim Revisions “AASHTO LRDF” Section
5 “Concrete Structures” (Ref. 4.B.2) provide design guidance for bridge structures in that include use of
reinforcing bars with yield strengths up to and including 100 ksi (690 MPa). A summary of the revisions to
the “AASHTO LRFD” Section 5 is included as part of Ref. 4.B.2 that relate to 100 ksi (690 MPa) bar design
provisions.

e Bridge Seismic Design Considerations

Design Guide for Use of ASTM A1035 High-Strength Reinforcement in Concrete Bridge Elements with
Consideration of Seismic Performance (ref 4.B.4) has been published to supplement the findings of NCHRP
Report 679. This study used both the NCHRP report and sponsored research projects to evaluate the
maximum strength of reinforcement that may be used in the design of different bridge structural members
in Seismic Zones 1, 2, 3 and 4.

C. Construction Procedures and Practices

MMFX Technologies has prepared two Product Guide Specifications — “Microcomposite (MMFX3) Steel
Uncoated, Plain and Deformed Bars for Concrete Reinforcement” (ref 4.C.1) and “ChrémX™ 4100 Plain
and Deformed Bars for Concrete Reinforcement” (ref 4.C.2). This guideline construction specifications for
MMFX2 (ASTM A1035/AASHTO MP18) and ChromX™ 4100 concrete reinforcing bars include: reference
codes and standards, material delivery, storage and handling measures, certified material requirements for
chemical composition and mechanical properties; bar fabrication and field placement practices.

Concrete Reinforcing Steel Institute’s CRSI — Specialty & Corrosion Resistant Steel Reinforcement —
Product Guide (ref 4.C11) provides a comparison of fabrication, estimating, detailing and placement
information practices for Corrosion Resistant Reinforcing (CRR) bars: MMFX2 (AASHTO MP 18/ASTM
A1035), epoxy coated (ECR), galvanized, stainless steel (SS) and dual coated (Z-bar).
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4. Reference Publications / Reports / Papers

The following reference documents provide a more detailed review of MMFX2 (ASTM A1035/AASHTO MP
18) rebar’s corrosion and structural characteristics, along with structural characterizes for ChromX™ 4100
bars.

A. Corrosion Test Reports, Papers, and Analysis References

1. Reinforcing Steel Comparative Durability Assessment and 100 year Service Life Cost Analysis
Report — Tourney Consulting Group — Dr. N. Berke — May 2012 (63 pages) This study focused on
modeling and evaluating concrete reinforcement for corrosion; and estimating the service life for various
reinforcing steel alternatives. The engineering analysis included modeling of concrete service life using
STADIUM® software. The investigation centered on the MMFX2 (ASTM A1035/AASTHO MP 18) bars
versus black bar (BB), epoxy-coated (ECR), hot-dip galvanized (HDG), and stainless steel (SS2304)
reinforcements.

The following is the study’s Life Cycle Cost Analysis (LCCA) performed on a bridge deck that crosses the
Ohio River.
Bridge Deck Life Cycle Cost Analysis (LCCA)

Concrete Type Bridge LP
Exposure Deicing Salts Rebar Initial 1st Repqir - Net Total Cos.t Initial +All
Cost Present Price (NPR) Repairs NPR
Cover (min.) 1.5 inches $/ft? $/ft? $/ft?
Reinforcement Type Estimf;eéggggﬁi?;ign 0o
Black Bar (BB) 19 Yr 26 Yr $8.16 $5.62 $20.14
MMFXz - Gr. 60 >100 Yr >100 Yr $14.40 $0 $14.40
MMFXz - Gr. 75 >100 Yr >100 Yr $11.28 $0 $11.28
MMFXz - Gr. 100 >100 Yr >100 Yr $8.64 $0 $8.64
Epoxy Coated (ECR) 19 Yr 34 Yr $9.36 $3.95 $17.79
Galvanized (GS) 59 Yr 76 Yr $13.68 $0.76 $14.86
( sUsNzéoSAjzegr(.)% o >100 Yr >100 Yr $30.36 $0 $30.36
SS2304-Gr. 75 >100 Yr >100 Yr $24.96 $0 $24.96

Notes: 1. Repairs every 15 years starting at 1st repair at $150/ft? (Traffic + Repair)
2. 10% of the surface area is repaired at each time
3. Discount rate at 4%

4. Only MMFX2 and SS2304 options meet requirement of no significant repairs in 100 years.

2. A Critical Review of Corrosion Performance for Epoxy-Coated and Select Corrosion Resistant
Reinforcements in Concrete Exposed to Chlorides — W. Hartt, Prof. Emeritus Florida Atlantic Univ.
- April 2011 (8 pages) - This paper reviews the corrosion performance of Corrosion Resistant Reinforcing
(CRR) materials, including epoxy coated reinforcement (ECR), using numerous studies from 1987 thru
2010. It notes: “A finding from a number of the above referenced studies was that ECR experiences
corrosion at coating defects along with cathodic disbondment of the adjacent coating. Also noted was wet
adhesion loss and underfilm corrosion.” The report states: “A fundamental difficulty in projecting future
ECR performance is that, first, long-term deterioration processes are, for the most part, not necessarily
reflected by results from short-term exposures and, second, it is not possible to perform first-principles
based modeling of the coating disbondment, embrittlement, and underfilm corrosion processes. Such
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modeling can be performed for uncoated bars ...” The paper indicates that long term studies of uncoated
bars including MMFX2 (ASTM A1035) and UNS-S41003 (3Crl12) indicate these uncoated bars provide
mean critical chloride threshold (Cr) values at 4 times that of black steel. In conclusion the paper states:
“In summary, long-term performance of ECR in chloride contaminated concrete is uncertain; and no first-
principles based analytical tools are available for projecting this. On the other hand, sufficient data are
available, along with a first-principles based methodology, for projecting long-term performance of uncoated
BB and CRRs such as 3Cr12 and MMFX2™, Results from the latter analysis indicate that in the case of
these CRRs a low maintenance service life of 75 and even 100 years can be expected.”

3. Corrosion Initiation Projection for Reinforced Concrete Exposed to Chlorides — Part II: Corrosion
Resistant Bars — NACE Corrosion 11 — W. Hartt, Professor Emeritus Florida Atlantic Univ. - March
2011 (11 pages) - This paper presents the results of a study utilizing an equation from the literature to
analyze the growth of reinforcement corrosion initiation (Ti) in concrete exposed to chlorides. The study’s
analytical method was comparatively applied to black bar (BB) and to corrosion resistance reinforcement
(CRR) steels (ASTM A1035 and UNS-S41003 - 3Crl2 stainless steel), varying 1) the surface CI-
concentration (Cs), 2) the effective diffusion coefficient (D) in the equation. The analysis used previously
published CRR steel’s critical Cl- concentration threshold values (Ct), at four (4) times that of BB. The
study’s findings included:

¢ Analyses projected the Ti for initial occurrence of CRR corrosion to be almost ten (10) times greater than
for BB.

¢ An analysis comparing the Ti trend of BB in high performance concrete (HPC) with the Ti trend of CRR
in portland cement concrete (PCC), indicated that almost 50 percent less of the CRR/PCC system initiated
active corrosion than the BB/HPC system after 100 years. If the analysis had considered the greater
tendency of HPC compared to PCC to exhibit shrinkage cracking, then the difference between the two
trends would have been greater.

4. Critical Chloride Corrosion Threshold of Galvanized Reinforcing Bars - ACI Material Journal -
Technical Paper M106-M22—March-April 2010 — D. Darwin, J. Browning et. al.( 8 pages) This
technical paper based on research as part of the International Lead Zinc Research Organization, Inc. under
Project Code ZC-24-2 indicated the following: “The average critical corrosion threshold for galvanized
reinforcement, 2.57 Ib/yd® (1.5 kg/m?3), is higher than the observed critical corrosion threshold of conventional
(A615) steel, 1.63 Ib/yd3 (0.97 kg/m?), and lower than the value for A1035 steel, 6.34 Ib/yd3 (3.76 kg/ms3),
and the lower-bound value for 316LN stainless steel, 19.14 Ib/yd3 (11.36 kg/m?3).” “Based on chloride
surveys of cracked bridge decks, galvanized steel can be expected to increase the average time to corrosion
initiation at crack locations from 2.3 years for conventional steel to 4.8 years for bars with 3 in. (76 mm) of
concrete cover. Corrosion initiation would be expected to occur at an average age of 15 years for ASTM
A1035 reinforcement and not to occur for bars consisting of 316LN stainless steel.” (See also ref. 4. A. 18;
and ref. 4. A. 29).

5. The Use of Corrosion Resistant Reinforcement as a Sustainable Technology for Bridge Deck
Construction - TRB Annual Meeting 2010 Paper #10-2214 — A, Moruza, S. Sharp- January 2010 (24
pages) — The reports states: “As part of the Innovative Bridge Research and Construction Program
(IBRCP), this study used the full-scale construction project of the Route 123 Bridge over the Occoquan
River in Northern Virginia to identify differences in the installation practices and comprehensive placement
costs of epoxy-coated reinforcing steel (ECR) and corrosion-resistant reinforcing steel (CRR), specifically
an ASTM A1035 steel. Internal VDOT construction records provided construction costs specifically
associated with one of the two reinforcement materials. ... For this project, the cost advantage of ECR at
the time of contract award was not preserved after inclusion of unanticipated construction costs directly
related to ECR. Specifically, adding the cost of deck sealing operations to the bid cost of ECR produced an
in-place cost estimate of $.804/lb compared to $.780/Ib for CRR. Inclusion of the indirect costs of the sealing
operations, however, more than quadrupled the unit cost of ECR over bid, predominantly because of road
user costs to the public. ... CRR was ultimately cost-competitive with ECR in this project when costs of
common VDOT practices related to ECR were included, but CRR potentially possesses superior longevity
benefits as a sustainable choice for deck reinforcement, especially since significant traffic growth is
expected on this new structure.”
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6. Laboratory Study of Corrosion Performance of Different Reinforcing Steels for Use in Concrete
Structures - National Research Council of Canada - Research Report IRC-RR-284 - J. Zhang, S. Qian,
B. Baldock - September 2009 (55 pages) - This study presents the results of a two-year program
comparing the corrosion performance of ASTM A 615 (carbon steel), ASTM A 1035 “MMFX>” (referred to
as “Cr steel” in the report); and stainless steels 316LN, 304LN and 2205 bars. The primary testing program
was performed in electrochemical cells by using different electrochemical techniques (simulated concrete
pore solutions), and concrete prisms using sand blasted bars. Comparing A615 to ASTM A1035 bars, the
report states: .”In the simulated concrete pore solution (pH=12.6), it was found that the average chloride
threshold of carbon steel was about 1.0% by weight; the average chloride threshold of Cr steel was about
5.0%.” ... “Pitting corrosion was observed to initiate on Cr steel at a range of chloride concentrations from
0.18% to 0.3%. Pitting corrosion was initiated on carbon steel, at a much lower chloride concentration
around 0.06%.” The following observations were made concerning concrete prism testing program: “In
concrete containing 1.5% of chlorides, Cr steel remained in passive state before undergoing active
corrosion at ten months of age... As the chloride concentration increased from 1.5% to 3.0%, Cr steel
showed lower corrosion rate than carbon steel”. ... ‘the corrosion rate of Cr steel did not increase
significantly as the chloride concentration was increased from 3.0% to 6.0%.”...”The corrosion rate was
within a range of low to moderate at these concentrations.” The report also made the following observation
concerning concrete prism testing of A1035 bars with mill scale: “The corrosion rate of as-received Cr steel
(non-sandblasted) was found to be much higher than that of sandblasted Cr steel, and the difference
became greater with increasing chloride concentrations. The difference was about half an order of
magnitude at 1.5% and 3.0% of chlorides, and increased to about one order of magnitude at 4.5% and
6.0% of chlorides.”

7. Eield Comparison of the Installation and Cost of Placement of Epoxy-Coated and MMFEX 2 Steel
Deck Reinforcement: Establishing a Baseline for Future Deck Monitoring - S. Sharp, A. Moruza -
VTRC 09-R9 — May 2009 (84 Pages) - This report identifies and compares differences in the installation
practices and comprehensive placement costs of epoxy-coated reinforcing steel (ECR) and MMFX2 (ASTM
A1035/AASHTO MP 18), as part of the FHWA Innovative Bridge Research and Construction Program
(IBRCP). The report was based on costs associated with Virginia DOT’s construction of the Route 123
Bridge over the Occoquan River. Two separate bridge decks were constructed as part of the project: A.
southbound deck using ECR, and the northbound deck using MMFX2, a corrosion-resistant reinforcing steel
(CRR). Field surveys conducted after completion of construction resulted in crack sealing of certain spans
of the ECR portion of the deck and modification for added bolster material above one of the northbound
(MMFX2) abutments. Final installation costs, including cracking sealing of certain ECR deck span sections
and the additional work for the MMFX deck, indicated that that total direct in place unit costs for ECR were
$0.90/Ib and MMFX were $0.87/lb. The report indicates that indirect costs (i.e. VDOT inspection, special
traffic control, and public travel delay) for required sealing of ECR deck cracking placed the total installed
ECR unit cost between $2.34 and $2.90/Ib. Labor records for the contract’s ironworkers indicated that they
placed: 329.9 Ib/labor hour for ECR and 358.8 Ib/labor hour for MMFX2. The study notes: “Average labor
productivity estimates from this study suggested that the handling requirements of ECR led to additional
supervisory costs and additional ironworker costs relative to those associated with uncoated CRR.
Inspectors’ records indicated that the subcontractor billed 15% more supervisor hours to place ECR in the
southbound deck than to place MMFX 2 in the northbound deck, yet almost 16% less ECR than MMFX 2
was placed by weight .... The special handling requirements for ECR are a plausible explanation for the
lower average labor productivity in the placement of ECR compared to that for MMFX 2...” The report
concludes by stating: “ECR appears to have been far less cost-effective per unit than MMFX 2 when both
anticipated and unanticipated costs of ECR in this study are estimated. MMFX 2 showed both labor
productivity and comprehensive in-place cost advantages over ECR in this application.”

8. Risk of Macro-Cell Corrosion Associated with Black Bar = MMFEX 2 (ASTM A1035) Combinations
in Concrete - W. Hartt - Hartt and Associates, Inc. - May, 2009 (10 pages) This report was based on
testing of concrete specimens to determine if adverse dissimilar metal effects occur when connecting
MMFX2 (ASTM A1035) bars to black steel bars. The report makes the following statement: “... there is no
technical reason why black bar and MMFX2 reinforcements cannot be combined in concrete construction,
including situations involving, first, field repairs and, second, new construction.”
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9. Corrosion Resistant Alloys for Reinforced Concrete — FHWA HRT 09-020 — W. Hartt, R. Powers,
P. Virmani et. al — May 2009 (150 pages) - This report documents the findings of a 6 year study of the
corrosion resistance of various concrete reinforcing bars using four specimen types: simulated deck slabs
(SDS), macrocell slabs (MS), 3 Bar tombstone columns (3BTC) and Field columns (FC) and three types of
concrete mixtures: STD 1 (5 bag W/C 0.50), STD 2 (7 bag W/C 0.41) and STD 3 (7 bag W/C 0.50)
Reinforcements included stainless steels: 316, 304, 2304, 2101, and 3Crl2 ; two types of 316 clad,
AASHTO MP 13M/MP 13-04, and MMFX-2 (ASTM A1035); and BB (ASTM A615), with BB used a
comparator. The report indicates: “The reinforcements, other than BB, were classified into two groups as
either improved performance” ... (alloys with corrosion initiation during project) “or high performance” (alloys
without corrosion initiation during project). “Improved performers were 3Cr12, MMFX-2, and 2101 ....
These alloys ranked according to time for corrosion to initiate as BB < 2101 < 3Cr12 < MMFX-2.” “Chloride
threshold for corrosion initiation of 3Cr12 and MMFX-2 reinforced SDS specimens was about four times
greater than for BB specimens and slightly less than four times greater in the case of 2101 specimens. For
STD2 MS specimens, however, T; for MMFX-2 and 2101 was from 3.4 to more than 5.7 times greater than
for BB (limited data precluded this determination for 3Cr12).”

10. Effect of Concrete Crack Width on Corrosion of Embedded Reinforcement — W. H. Hartt - Hartt
and Associates, Inc. - March, 2009 (10 pages) - This commentary reviews existing literature pertaining
to the effect of concrete crack width on reinforcement corrosion in various project environments with
different exposure zones encountered in the Middle East. The literature indicates that crack width does not
significantly influence long-term durability of reinforced concrete, for crack widths up to 1.6 mm (0.063 in.).
The report indicates that the time to corrosion initiation is six times greater and the corrosion rate for MMFX2
(ASTM 1035) is six times less than that for black steel in cracked concrete.

11. Effect of crack width on corrosion of reinforcing steel — D. Darwin - February, 2009 (2 pages) -
This report states: “Within the range of 0.1 to 0.6 mm, crack width does not affect the corrosion of reinforcing
steel. Corrosion is, however, affected by concrete cover, water-cement ratio, and the orientation of the
crack with respect to the reinforcing steel.” This discussion notes that the steel's corrosion rate is not
affected when crack widths are under 0.6mm but are by their critical chloride threshold level. A 75mm
concrete cover, the report indicates “...provides protection against not only corrosion in the presence of
cracks abut also against carbonation ...” and states “For severe chloride exposure conditions, the ACI
Building Code limits the water-cement ratio to a maximum of 0.40.”

12. Periodic Overload Corrosion Fatigue of MMFEX and Stainless Reinforcing Steels — S. DeJong, P.
Heffernan, C. MacDougall - Journal of Materials in Civil Engineering, Vol. 21, No. 1, January 2009 (9
pages) - “This study presents the periodic overload and corrosion-fatigue resistance of machined
specimens made from two corrosion resistant reinforcing steels: MMFX Microcomposite [ASTM
A1035/ASSHTO MP18] and 316LN stainless steel. MMFX had reduced constant amplitude performance
in the corrosive environment, whereas 316LN stainless steel showed no environmental reduction under
constant amplitude loading (except at high loads). Corrosion fatigue reduced the periodic overload
performance of both materials, although both materials retained their intrinsic fatigue limit (250 MPa stress
range) in the corrosive environment, a drastic improvement over the periodic overload corrosion-fatigue
performance of conventional reinforcing steel.”

13. Concrete and Steel Type Influence on Probabilistic Corrosion Service Life - G. Williamson,
R. Weyers, et. al. - ACI Materials Journal V. 106, No. |, January-February 2009 (7 pages) - This
technical paper presents comparative service life predictions for Microcomposite (MMFX2/ASTM A1035),
stainless steel (SS), galvanized steel (GS) and carbon (black) steel reinforcing bars, utilizing low-
permeability concrete (LPC with admixtures) and standard (without admixtures) concrete. Service lives
were established using a computer model based on: a. time to corrosion initiation of 2% of the reinforcing
steel; b. time from corrosion initiation to concrete cracking and spalling of the concrete over 2% of the
reinforcing steel; and c. time for corrosion propagation from 2% to 12%. ASTM A1035 steel was noted to
provide > 200 years of service life when used in conjunction with LPC; and 2 to 3 times the service life of
black steel depending on the surface chloride concentration levels of standard concrete. (Copy of this
paper may be obtained from the American Concrete Institute (ACI), Farmington Hills, Ml.)

MMFX STEEL - PRODUCT INFORMATION — MATERIAL PROPERTIES AND DESIGN CONSIDERATIONS - JANUARY 2014 16 0f 35



http://www.tfhrc.gov/structur/pubs/09020/09020.pdf

http://mmfx.com/doc2/Effect_Crack_Embedded_Reinforcement_Hartt.pdf

http://mmfx.com/doc2/Effect_Crack_reinforcing_steel_Darwin.pdf

http://ascelibrary.org/doi/abs/10.1061/%28ASCE%290899-1561%282009%2921%3A1%281%29?journalCode=jmcee7

http://www.concrete.org/PUBS/JOURNALS/OLJDetails.asp?Home=SJ&ID=56320



14. Evaluation of Corrosion Resistance of Steel Dowels Used for Concrete Pavements - M. Mancio;
C. Carlos; J. Zhang; J. Harvey; P. Monteiro; and A.Ali - Journal of Materials in Civil Engineering —
October 2008 (9 pages) - This study investigated the corrosion performance of several types of steel
dowels cast in concrete beams using accelerated laboratory tests This paper indicates: “ that the
microcomposite [ASTM A1035]steel dowels exhibit much greater resistance to corrosion propagation than
carbon steel dowels, but not as much as the stainless clad and stainless hollow bars”.” In addition the
study states: “Visual inspections of the corroded dowels revealed heavy and mostly uniform corrosion
along the carbon steel dowels, light corrosion in the microcomposite steel dowels, and no visible corrosion
in the stainless steel clad and stainless steel hollow bars. For the epoxy coated dowels, the visual
inspections generally revealed that visible corrosion was not widespread, but did occur at a few localized
defective areas, generally at holidays and at the edges of the bar ends. No significant difference was
observed on the performance of nonflexible and flexible epoxy-coated dowels.”

15. “Electrochemical and in-situ SERS study of passive film characteristics and corrosion
performance of microcomposite steel in simulated concrete pore solutions” - University of
California Berkeley (UCB) — M. Mancio, G. Kusinski, et. al. — March 2008 (104 pages) - This testing
program provides the basis for proposed AASHTO SOM specification Annex A “Test Method for
Comparative Qualitative Corrosion Characterization of Steel Bars Used in Concrete Reinforcement.” The
report states: “After passivation, the current density for microcomposite steel [ASTM A1035] was around
11 pA/cm? while that for carbon steel was about 140 pA/cm? (~13 times higher). If these values were used
to estimate corrosion rates, one would get approximately 1627 um/yr (1.63 mm/yr) for carbon steel and 128
um/yr (0.128 mm/yr) for microcomposite steel [ASTM A1035].”

16. “Comparative Corrosion Testing and Analysis of MMFX 2 Rebars for Reinforced Concrete
Applications” — Wiss, Janney, Elstner Associates, Inc. - Final Report WJE No. 2003.0707.0 - F. Cui,
P. Krauss, et. al - January 2008 (57 pages) - This report is based on ASTM G109 and time-to-corrosion
(a.k.a. Southern Exposure) tests, stating: “MMFX 2 steel bars have higher chloride thresholds than A615
bars, but less than Type 304 stainless steel. The ASTM G-109 test program suggested that the chloride
threshold of MMFX bars is about three times of that of black bars. .... The removal of mill scale was found
to have slightly increased the corrosion resistance of MMFX bars in the G-109 test. ... Modeling analyses
of a marine pile and a northern bridge deck exposed to deicers showed that the use of MMFX bars in lieu
of black bars may extend the structure service life by about 1.8 times, assuming a chloride threshold for the
MMFX bars of three times that of the A615 black bars. Slower corrosion rates for the MMFX bars during
the propagation period could increase the service life further, to about twice that of A615 bars.”

17. Corrosion of Reinforcing Bars in Concrete, - R&D Serial No. 3013 Portland Cement Association
- C. Hansson, A. Poursaee, S. Jaffer — 2007 (33 pages) - The primary focus of this report is chloride-
induced corrosion of steel reinforcement: the factors affecting it and its influence on durability. This review
describes the corrosion process, the lack of a single chloride threshold concentration for initiation of
corrosion and the relative contributions of micro-cell and macro-cell corrosion in sound concretes. The
report indicates that a two-fold approach to corrosion resistant structures should include:

“The use of high performance concrete (HPC) to lower concrete’s permeability and reduce the rate of
ingress of chlorides or carbonation and, thereby, increase the effectiveness of the physical barrier.

The use of more resistant reinforcing bar materials to provide better chemical resistance. In those parts of
structures exposed to very severe chloride environments, stainless steel is recommended. Despite the
initial expense, it is a cost effective solution in these circumstances when both direct and indirect costs
(such as user costs) are taken into account. In the somewhat less severe chloride environments, corrosion
resistant alloys such as MMFX or 2101LDX, which are more resistant to chlorides than black steel - but
less corrosion resistant and much less costly than stainless steel - should be considered.”

18. Critical Choloride Corrosion Threshold for Galvanized Reinforcing Bars - SL Report 07-2 — Univ.
of Kansas Center for Research — D. Darwin, J. Browning et. al. - Dec. 2007 (36 pages) - This report
prepared for the International Lead Zinc Research Organization indicated the following: “... test results
show that galvanized reinforcement has an average critical chloride corrosion threshold of 2.57 Ib/yds,
which is greater than conventional steel (1.63 Ib/yd3®) and lower than MMFX [ASTM A1035] steel (6.34
Ib/yd3).” “Based on chloride surveys of cracked bridge decks in Kansas, galvanized steel can be expected
to increase the average time to corrosion initiation at crack locations from 2.3 years for conventional steel
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to 4.8 years for bars with 3 in. of concrete cover. Corrosion initiation can be expected to occur at an average
age of 14.8 years for MMFX [ASTM A1035] steel. All three systems will exhibit significantly longer times to
corrosion initiation in uncracked concrete.” ...."the average times to corrosion initiation in uncracked regions
on bridge decks would be 26, 41, and 100 years for conventional, galvanized, and MMFX reinforcement,
respectively, demonstrating that uncracked concrete provides excellent protection against chloride
penetration. These values closely match those used in life-cycle models in which chloride penetration is
based on diffusion through uncracked concrete.”

19. Corrosion Resistant Alloy Steel (MMEX) Reinforcing Bar in Bridge Decks — Mich DOT Report
R-1499 — Steve Kahl, PE — Sept. 2007 (36 pages) - This report compiles the findings of Mich DOT
corrosion research and structural analysis (See Appendix B “MMFX Reinforced Bridge Deck LRFD
Design Example”) of bridges using MMFX> (ASTM A1035) reinforcing bars. The report states: “..MMFX
steel does exhibit corrosion resistance, higher yield strength, and a lower life cycle cost than epoxy
coated reinforcement. Due to the high yield strength, MMFX use in bridge deck construction should be
limited to structures that are designed in accordance with AASHTO LRFD code, and for 75 ksi steel
reinforcement design yield strength...” This statement was made after making an economic analysis
comparing a MMFX2 (ASTM A1035 Gr 75) AASTHO LFRD design to an epoxy-coated rebar (ECR) design
using Michigan’s standard design (LFD).

20. Corrosion Resistant Alloys for Reinforced Concrete - FHWA-HRT-07-039 - W. Hartt, R. Powers
et. al. - July 2007 (135 pages) - This test program included MMFX-1I™ (sic.) (ASTM A1035), solid stainless
steels 3Cr12 (UNS-S41003), 2201LDX (ASTM A955-98), 2205 (UNS 31803), and two 316L (UNS S31603)
alloys; and two 316 stainless steel clad black bar products, black bar (ASTM A615) reinforcement included
for comparison purposes. The report states: “For black bar slabs, it was considered that active corrosion
commenced once potential dropped to —280 mVSCE, at which point the average macro-cell current density
was about 0.26 pA/lcm?. If it is assumed that this same current density denotes onset of active corrosion
for the other reinforcement types as well, then the corresponding potentials are -390, —-350, and -195
mVSCE for 3Cr12, MMFX-II™  and 2201, respectively. These potentials were achieved after 35 days
(black bar), 64 to 140 days (3Cr12), 91 to 140 days (MMFX-/II™), and 64 to 94 days (2201).”

21. Laboratory Evaluation of Corrosion Resistance of Steel Dowels in Concrete Pavement — Final
Report UCPRC-RR-2005-10 — FHWA No S/CA/RI-2006/27 — M. Mancio, J. Harvey, et al.- Pavement
Research Center - UC Berkeley and Davis - January 2007 (127 pages) - This pavement dowel corrosion
report indicates that Microcomposite (MMFX2) pavement dowel bar had approximately 35 times the
polarization resistance of carbon steel dowels. The report makes the following recommendations: ‘It is
recommended that the use of stainless steel-clad, hollow stainless steel, or microcomposite [MMFX2]
steel dowels be considered for locations with high risk of high chloride exposure (such as on mountain
passes and marine environments)...” Furthermore the report states: “Epoxy dowels present some risk of
corrosion, primarily localized at holidays and the ends of the bars.” The report notes that: “Bar ends
should be coated with epoxy and care must be taken with epoxy-coated dowels during shipping, storage,
and installation. Corrosion will be exacerbated if the bar ends are not coated (observed on various Caltrans
construction sites) or if the coated ends are damaged during storage, transport, and installation.”

22. “Comparative Performance of MMFEX Microcomposite Reinforcing Steel and Other Types of
Steel with Respect to Corrosion Resistance and Service Life Prediction in Reinforced Concrete
Structures” — Dr. D. Morgan - AMEC Earth & Environmental - June 2006 (48 pages) - This report makes
the following conclusion after evaluating 14 studies and reports concerning the corrosion resistance
properties of MMFX> (Microcomposite) Steel reinforcement and other products: “Studies evaluated in this
report indicate that MMFX corrosion resistance is similar to or better than that of certain stainless steels
such as 2101 and 3Cr12. stainless steels (i.e. SS304 and SS316 series) appear to be more effective
than MMFX for use in bridge and other structures exposed to chlorides, the lack of availability in
North America of many the types of stainless steel evaluated, and their high costs compared to MMFX,
make them less attractive from a life-cycle cost perspective for most applications.”

23. Summary Report on the Performance of Epoxy-Coated Reinforcing Steel in Virginia - R. Weyers,
M. Sprinkel , M. Brown - VTRC Report 06-R29 - June 2006 (37 pages) - This report based on 14 years
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of research by VTRC of corrosion resistant reinforcing steel alternates states: “because ECR cannot
provide adequate corrosion protection for structures designed for a 100-year+ service life as currently
recommended by FHWA, the report recommends that the Virginia Department of Transportation amend its
specifications regarding the use of ECR to require the use of corrosion-resistant metallic reinforcing bars
such as MMFX 2, ...” “Based on the times to cracking, MMFX2 reinforcement is worth 5 times more than
ECR.” This study reiterated some of the findings of Hansson, Haas et. Al. (ref 4. A. 35) concerning epoxy-
coated rebar (ECR)

24, Evaluation of corrosion resistance of different steel reinforcement types - Final Report - lowa
State University Bridge Center - CTRE Project 02-103 - May 2006 (75 pages) — This study reported
voltage and current results from field monitoring of a instrumented bridge constructed half with MMFX steel
and half with ECR indicated: 1. The MMFX half remained within the normal range at less than 100mV;
appeared to have no ongoing corrosion activity. 2. In contrast, ECR had readings that were two times
greater than MMFX, close to 200 mV. This led to the report’s speculation that defects in the coatings had
occurred during construction.

25. ASM Handbook, Volume 13C, Corrosion: Environments and Industries - Corrosion in Bridges
and Highways — ASM International — J. Tinnea, W. Hartt, F. Pianca et. al. - 2006 (39 pages) - This
handbook chapter discusses the various aspects of corrosion associated with bridge structural elements in
corrosive environments and describes alternative corrosion-resistant reinforcement systems. ASTM A1035
(MMFX2 Steel) is noted as having the same CI/OH- ratio of 4.9, as 316 stainless steel cladded
reinforcement, as a measure of its corrosion resistance. (Copy of this reference is available from the
American Society for Metals - ASM).

26. Evaluation of MMEX Steel For NCDOT Concrete Bridges — FHWA/NC/2006-31, NCDOT Report
2004-27 — S. Rizkalla, P. Zia et. al. — December 2005 (131 pages) - This publication states the following
conclusions based on testing of full scale bridge deck sections and corrosion tests at North Carolina State
University: “1. Substituting MMFX steel directly for Grade 60 steel in a design ... is an overly-conservative
approach. 2. MMFX steel [ASTM A1035] can be used as the main flexural reinforcement for cast-in-place
concrete bridge decks at a reinforcement ratio corresponding to 33% less than that required for Grade 60
steel. Therefore, a design of reinforced concrete bridge decks using MMFX steel may utilize an equivalent
yield stress of 90 ksi for the MMFX steel bars. 3. Design of concrete bridge decks utilizing the high tensile
strength characteristics of the MMFX steel should satisfy all minimum reinforcement ratios required by the
AASHTO LRFD Bridge Design Specifications as well as the serviceability requirements of the
specifications. 4. MMFX steel [ASTM A1035] has a much lower corrosion rate compared to conventional
Grade 60 steel. Therefore, the use of MMFX steel could increase the service life of concrete bridges and
lower repair costs.”

27. Corrosion _Resistance of Duplex Stainless Steels and MMEX Microcomposite Steel for
Reinforced Concrete Bridge Decks - University of Kansas Center for Research, Inc. - SM Report
No0.80- J. Ji, D. Darwin et. al - December 2005 (507 pages) - This report indicated that MMFX, (ASTM
A1035) bars had % the corrosion rate of conventional black bar and approximately 3 to 4 times black bars
critical chloride threshold value. 2101 stainless steel (SS) was reported to have 1.35 times the corrosion
rate of black bar in an unpickled surface condition, with a slight higher corrosion rate as ASTM A1035 with
a pickled surface condition.

28. “New Technologies Proven in Precast Concrete Modular Floating Pier for U.S. Navy” — PCI
Journal - Michael W. LaNier, PE, FPCI, Preston S. Springston et. al. — Jul./Aug. 2005 (26 pages) - This
article notes that the Navy's Modular Hybrid Pier (MHP) project received Precast/Prestressed Concrete
Institute’s (PClI’s) Henry N. Edwards award and updates - Preston Springston’s ASCE paper. Project review
procedures are discussed demonstrating why MMFX rebar was included in one of the project’s two Navy
MHP modules. The article noted that use of MMFX saved approximately $2.8 million over the original
proposed design, while providing a 75-yr service life. MMFX’s corrosion resistance performance was
analyzed by the STADIUM computer model.

29. The Long Term Performance of Three Ontario Bridges Constructed with Galvanized
Reinforcement — Ontario Ministry of Transportation — F. Pianca and H. Schell = June 2005 (29 pages)
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- This report makes the following conclusions: “Corrosion of galvanized reinforcing bars was initiated
soon after the chloride corrosion threshold (for black steel) was reached...”[and] “...caused significant
damage to the concrete, in the form of delamination and cracking.” “...they [galvanized bars] do not
provide effective long-term protection from corrosion.”

30. “Surface Condition Effects on Critical Chloride Threshold of Steel Reinforcement” — D. Trejo, R.
Pillai - ACI Materials Journal 102- M12 — March — April 2005 (6 pages) - This publication compared the
critical chloride threshold level (CCTL) values of various uncoated steel reinforcement types using their as-
received (with mill scale) and polished surface conditions. MMFX> (ASTM A1035) was determined to have
approximately 9 times the CCTL value of A615 in the as-received condition and approximately 12 times the
CCTL of A615 in the polished condition. These values were determined using the accelerated chloride
threshold (ACT) test procedure developed at Texas A&M University. (Copy of this paper may be obtained
from the American Concrete Institute (ACI), Farmington Hills, MI)

31. Comparing the Chloride Resistances of Reinforcing Bars — G. Clemefia and P. Virmani —
Concrete International - November 2004 (11 pages) - This article evaluates new, economical metallic
reinforcement for its ability to withstand high salt concentration. The comprehensive study, on which the
article is based shows that the chloride threshold of MMFX Microcomposite bars is about 5 to 6 times better
than A615 steels and approximately 2 times chloride threshold of stainless steel 2101 LDX bars. (Copy of
this paper may be obtained from the American Concrete Institute (ACI), Farmington Hills, MI)

32. Evaluation of Mechanical and Corrosion Properties of MMEX Reinforcing Steel for Concrete -
University of Kansas Center for Research, Inc. Report No. FHWA-KS-02-8 - SM Report No. 70 — L.
Gong, D. Darwin et. al. - February 2004 (132 Pages) - This study, based on Southern Exposure corrosion
testing, indicated that MMFX2 (ASTM A1035) has a corrosion rate of approximately 30% less, when
compared to black (ASTM A615) steel bars.

33. Investigation of the Resistance of Several New Metallic Reinforcing Bar to Chloride-Induced
Corrosion In_Concrete - Virginia Transportation Research Council (VTRC) Report 04-R7 — G.
Clemefia — December 2003 (27 pages) - This report describes testing, analysis and recommendations
concerning various metallic bars, including MMFX>, that were found to be more durable and corrosion
resistant than epoxy-coated rebar, with the program’s investigation serving as the basis for an ACIl Materials
Journal paper co-authored by Dr. Gerardo Clemefia of the VTRC and Dr. Y. Paul Virmani of the FHWA. In
conclusion, the report recommends MMFX3 rebar for use by Virginia DOT in corrosive environments.

34. “Appraisal Report High Corrosion Resistance MMFEX Microcomposite Reinforcing Steels” -
CIAS (Concrete Innovations Appraisal Service) Report 03-2 — P. Zia, T. Bremner, V. M. Malhotra, M.
Schupack, P. Tourney — May 2003 (50 pages) - This document reports on the findings of the CIAS’s
MMFX corrosion panel concluding that MMFX2’s corrosion resistance provides a longer service life and is
more cost effective than A615 reinforcement.

35. Corrosion Protection Strategies for Ministry Bridges - Final Report Amended - University of
Waterloo - C.M. Hansson, R. Haas, R. Green, R.C. Evers, O.K. Gepraegs, and R. Al Assar - July 2000
(210 pages) - This report states: “Major concerns exist with the inability of maintaining a flaw-free coating
on ECR during handling, placement and compaction of the concrete, and with disbondment of the coating
... In turn, concern exists that this provides easy access to chlorides and, thus, allows corrosion at flaws
and along the bar under the disbonded coating. ... There is additional concern regarding the difficulty of
monitoring the condition of ECR and of repair/rehabilitation cycles over the 75 years.” .... “The conclusion
is that options involving ECR present no cost or performance advantages over BSR [Black Steel
Reinforcement]. ... the further use of ECR is not recommended on the basis of both technical and life cycle
cost analysis.”
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B. Structural Test Reports, Papers, and Analysis References

1. The Impact of High Strength Reinforcing Steel on Current Design Practice - Charles Pankow
Foundation Research Grant Agreement #01-13 — K. Price, D. Fields, L. Lowes — July 2013 (36 pages)
— This study reviewed comparative designs for high strength reinforcement (HSR) using ACI 318-11, for
design strengths from 60 to 120 ksi (410 to 830 MPa), such as ASTM A1035 Gr 120. Design comparisons
were made for flexural members (slabs and beams), gravity columns and structural walls.

The report stated: “The results of this study show that if ACI Code limits on steel yield strength are
ignored, HSR can be used to reduce steel volumes for RC building components. However, results show
also that for some components, there is a limit beyond which increasing the yield strength of the reinforcing
steel does not result in reduced steel volume due to serviceability requirements.”

The report’s following table lists the recommended maximum reinforcement yield strength for use in
design of the components included in the study.

Recommended Maximum Steel Yield Strength for Use in Design

Recommended

Component

Maximum Fy

Note

One-Way Slabs

Longitudinal— 80 ksi

Use of 120 ksi steel requires the use of a larger number of smaller
bars (No. 3) to meet maximum flexural crack width limits.

Two-Way Slabs

Longitudinal— 60 ksi

Use of HSR requires the use of a larger number of smaller bars (No. 3)
to meet maximum flexural crack width limits.

Beams

Longitudinal — 120 ksi
Shear— 60 ksi

Gravity Columns,
low axial & high shear
and moment demand

Longitudinal— 120 ksi
Confinement— 100 ksi
Shear— 120 ksi

Recommendations are appropriate for columns with axial load less than
0.2 f'c Ag subjected to high shear demand.

Gravity Columns,
high axial & low shear
and moment demand

Longitudinal— 60 ksi
Confinement— 100 ksi
Shear- 60 ksi

Recommendations are appropriate for columns with axial load greater
than 0.3 f'c Aq subjected to low shear demand.

Structural Walls

Longitudinal— 120 ksi
Confinement— 120 ksi
Shear— 120 ksi

Recommendations are appropriate for walls with axial load less
than 0.2 f Ay subjected to shear demand in excess of 4 A, \/f". psi.

2. AASHTO LRFD Bridge Design Specifications 6!" Edition 2013 Interim Revisions - April 2013 (1938
pages) — This specification provides guidance concerning the design of reinforced concrete bridge
structures as part of its Section 5 “Concrete Structures”, including use of ASTM A1035 Gr. 100/AASHTO
MP 18 steel bars at yield strengths up to and including 100 ksi (690 MPa). See LRFD 2013 Interim
Revisions - Appendix D5 “Articles Modified to Allow the Use of Reinforcing Steel with a Specified Minimum
Yield Strength up to 100 ksi” for a summary of Section 5 changes.

This design specification document is available through AASHTO (American Association of State Highway
and Transportation Officials).

3. Interim 5 Year Report Alternative Dowel Bar Material Study - WAY-30-11.5 - Ohio DOT — March
2013 -11 pages - This report concerning MMFX and three other dowel bars types indicated: “After five
years, the epoxy coated steel dowels, the MMFX dowels, and the Lifejacket [zinc bonded] dowels have LTE
[load transfer efficiency] greater than the 70% criteria typically used” and that the FRP bars had LTEs that
varied between 55 and 23%. Visual observation of the bars after taking joint core samples indicated: “The
MMFX bar was also in very good condition with slight pitting on the top of the bar in the area of the joint.”
It also noted underfilm corrosion occurred on some of the epoxy coated dowel bars, and that some of zinc
bonded dowels were oxidized and slightly abraded.
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4. “Design Guide For Use Of ASTM A1035 High-Strength Reinforcement In Concrete Bridge
Elements In AASHTO Seismic Zone 2” - S. K. Ghosh - S. K. Ghosh Associates Inc. — July 2012 (20
pages) - This document is a supplement to “Design Guide for Use of ASTM A1035 High-Strength
Reinforcement in Concrete Bridge Elements with Consideration of Seismic Performance” — H.
Russell, S. K. Ghosh, M. Saiidi - August 2011, as AASHTO Seismic Zone 2 was not a part of the original
design guide. This paper also analyzes the revisions voted to be included into the AASHTO LFRD Design
Specifications, as result of the approval of AASHTO Committee T-10 “Concrete” Agenda ltem (WAI 163)
by AASHTO Subcommittee on Bridges and Structures (SCOBS) at their July 2012 meeting.

The following table summarizes the report’'s conclusions concerning the maximum yield strengths of
reinforcement that may be used in the design of the different structural elements of bridges in AASHTO
Seismic Zone 2.

Maximum Yield Strengths of Reinforcement for Use in Design in Seismic Zone 2

Streﬁgtlr?, ksi Foundations Columns/Walls Decks Beams/Girders
Abutment Piles Pile Vertical | Confinement Top and Tension |Compression|Shear
S Caps Bottom
100 X X X X X X X X X
75 X@
60 X@) NE NE X@ NE XD

(2) Yield strength limited to of 60 ksi for shear-friction calculations.

(2) Required shear strength must be calculated per Articles 8.3.2 and 8.6.1 of the AASHTO Guide Specifications for LRFD Bridge
Design and minimum shear reinforcement must be provided per Atrticle 8.6.5.

(3) Yield strength of transverse reinforcement limited to 60 ksi for shear strength computations.

5. “Design _Guide for Use of ASTM A1035 High-Strength Reinforcement in _Concrete Bridge
Elements with Consideration of Seismic Performance” — H. Russell, S. K. Ghosh, M. Saiidi - August
2011 (25 pages) - This study evaluates the maximum strengths of reinforcement that may be used in the
design of the different structural elements of bridges in Seismic Zones 1, 3 and 4. The report’s conclusions
are summarized the Table 1 (below), based on the information presented in this report, which differentiates
Seismic Zone 1 conclusions from Seismic Zones 3 and 4. It is noted that the application of high-strength
reinforcing steel in bridges Seismic Zone 2 was beyond the scope of this study.

The report states: “In view of the fact that (1) bridge decks, girders, and bent cap beams are capacity-
protected, (2) satisfactory performance in field studies has been documented, and (3) research findings
that the use of MMFX bars in close proximity with black steel bars in chloride-contaminated environments
does not lead to enhanced corrosion of the reinforcing bars, there should be no reservation about permitting
MMFX reinforcing bars in bridge decks, girders, and bent cap beams in Seismic Zones 3 and 4, provided
the guidelines in Part 1 of this report are followed.

Pending further testing, MMFX steel should not be used as longitudinal reinforcement in bridge columns
in Seismic Zones 3 or 4. The use of MMFX steel as transverse reinforcement in such members should be
permitted, provided the transverse reinforcement yield strength is restricted to no more than 60 ksi for the
purposes of computing shear strength. The full yield strength of the transverse reinforcement may be
utilized for purposes of confinement of the concrete.

The above recommendation should also apply to pier walls, back walls, and wing walls, which are
preferable locations for inelastic behavior in most bridges.

The welding of ASTM A1035 reinforcement should be prohibited in plastic hinge regions of columns and
other structural members that are not capacity-protected in bridges located in AASHTO Seismic Zones 3
and 4, until approved procedures for butt-welding of hoops become available.

In general, MMFX reinforcing bars should be permitted to be used in any foundation element such as a
footing or a Type Il pile shaft in Seismic Zones 3 and 4 that is capacity protected, provided the guidelines
in Part 1 of this report are followed.

When MMFX reinforcing bars are used as transverse reinforcement in pile shafts, the transverse
reinforcement yield strength should be restricted to no more than 60 ksi for the purposes of computing
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shear strength. The full yield strength of the transverse reinforcement may be utilized for purposes of
confinement of the concrete.”

Table 1 Maximum Tensile Strengths of Reinforcement for Use in Design

Yield
Strength Foundations Columns/Walls Decks Beams/Girders
, ksi
Abutment| o5 | pile Caps| Vertical Confine- | Topand | oo, |COMPres-| g0
S ment Bottom sion
Non-Seismic (Zone 1)
100 X X X X X X X X X
75
60 X
Seismic (Zones 3 and 4)
100 X X X N@ X X X X X
75 N®@
60 X® X® X® N®@ X® X@

(1) Yield strength limited to of 60 ksi for shear-friction calculations.

(2) Not recommended.

(3) Yield strength of transverse reinforcement limited to 60 ksi for shear strength computations.

Note: Application of high-strength reinforcement in bridges located in Seismic Zone 2 was beyond the scope of this study.

6. Design of Concrete Structures Using High-Strength Steel Reinforcement - National Cooperative
Highway Research Program - NCHRP Report 679 — B. Shahrooz, R. Miller, K. Harries, H. Russell -
April, 2011 (83 Pages) - This report, prepared as part of NCHRP Project 12-77, provides an evaluation of
existing AASHTO LRFD Bridge Design Specifications relevant to the use of high-strength reinforcing steel.
The report identifies aspects of reinforced-concrete design and of the AASHTO specifications that may be
affected by the use of high-strength reinforcing steel. Experimental and analytical studies, conducted as
part of the program, provide the background and engineering basis to support recommendations for
changes to the specifications necessary for the use of high-strength reinforcing steel. The report includes
proposed recommended language which specifically permits the use of high-strength reinforcing steel for
yield strengths not greater than 100 ksi (690 MPa). This study did not address seismic applications and
therefore, is limited in its application to Seismic Zone 1.

The report’s supporting documents include the following: Appendix A—Material Properties, Appendix B—
Flexural Resistance of Members with Reinforcing Bars Lacking Well-Defined Yield Plateau, Appendix C—
Strain Limits for Tension-Controlled/Compression-Controlled and Strains to Allow Negative Moment
Redistribution, Appendix D—Flexure Specimens, Appendix E—Fatigue of High-Strength Reinforcing Steel,
Appendix F—Shear Specimens, Appendix G—Analytical Studies of Columns, Appendix H—Beam Splice
Specimens, Appendix I—Crack Control, Appendix J—Survey Instruments and Results, Appendix K—
Design Examples, Appendix L—Proposed Changes to Section 5 of the AASHTO LRFD Specification,
Appendix M—2010 AASHTO Bridge Committee Agenda Item.

The following conclusions are made as part of this report; which cover the ensuing design aspects based
on the program’s experimental and analytical studies: A. Yield Strength — “A value of yield strength, fy, not
exceeding 100 ksi was found to be permissible without requiring significant changes to the specifications.”
B. Flexure- “All beam specimens met and exceeded their designed-for strength and ductility criteria and
exhibited predictable behavior and performance similar to beams having conventional reinforcing steel”. C.
Fatigue-“...tests...and a review of available published data demonstrate that presently accepted values for
the fatigue or ‘endurance’ limit for reinforcing steel are applicable, and likely conservative, when applied to
higher strength bars.” D. Shear — “The use of current specifications procedures for calculating shear
capacity were found to be acceptable for values of shear reinforcement yield fy < 100 ksi. E. Shear Friction
- “...restriction that fy be limited to 60 ksi when calculating shear friction capacity must be maintained
regardless of the reinforcing steel used.” E. Compression - “Results indicate the current specifications
requirements for both longitudinal and transverse reinforcement design in compression members are
applicable for fy < 100 ksi.” G. Bond and Development — “...it is recommended that development, splice,
and anchorage regions be provided with cover and confining reinforcement based on current design
requirements when high-strength bars are used.” H. Serviceability—Deflections and Crack Widths - “Based
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on the results of the flexural tests conducted in this study, deflections and crack widths at service load levels
were evaluated. Both metrics of serviceability were found to be within presently accepted limits and were
predictable using current specifications provisions.”

7. Drift Capacity of Concrete Columns Reinforced with High-Strength Steel - Thesis - Dissertation,
J. Rautenberg, Purdue University, February 2011 (289 pages) - This paper describes the testing and
results with columns constructed using combinations of reinforcing bars with the following yield stresses:
A. Longitudinal reinforcement: -1. 60 ksi [410 MPa] (ASTM A706), 2. 80 ksi [550 MPa] (ASTM A706), 3.
120 ksi [830 MPa ] (ASTM A1035)

B. Transverse reinforcement: -1. 60 ksi [410 MPa] (ASTM A615), 2. 120 ksi [830 MPa] (ASTM A1035), 3.
180 ksi [1240 MPa ] (JIS G3137) [Japanese Industrial Standard]

Following are conclusions from this research:

¢ For axial loads below the balanced point, flexural strength is nearly linearly proportional to the product of
the reinforcement ratio and the yield stress of the longitudinal reinforcement. As a consequence, a column
reinforced with Gr.-60 steel has approximately the same flexural strength as a column with half as much
Gr.-120 steel.

e The drift capacity of a column reinforced with Gr.-80 or Gr.-120 longitudinal steel is comparable to the
drift capacity of a similar column reinforced with Gr.-60 steel. All columns with transverse reinforcement
spaced at d/4 [effective depth] had drift capacities between 4 and 8%.

¢ Numerical simulations indicate that, for a given ground motion, a multi-story moment-frame building
with columns reinforced with Gr.-60 longitudinal steel will experience approximately the same mean roof
drift ratio as a similar building with columns reinforced with half as much Gr.-120 longitudinal reinforcement.
e Specimens reinforced with Gr.-120 or Gr.-180 hoops spaced at d/2 had computed shear strengths that
were comparable to specimens reinforced with Gr.-60 hoops. But, the specimens with high-strength hoops
(spaced at d/2) exhibited inclined cracks not crossing any hoops that led to shear failures (after flexural
yielding) at drift ratios between 3 and 4%.

8. Behavior of Concrete Beams Reinforced with ASTM A1035 Grade 100 Stirrups under Shear — A.
Munikrishna, A Hosny, S. Riskalla, P. Zia — ACI Structural Journal — Jan-Feb 2011 (9 pages) - This
paper stated the following conclusions based on test of large beams reinforced with high-strength
longitudinal and transverse steel:

1. The shear strength of flexural members can be achieved by using a lesser amount of high-strength
stirrups and a lower high-strength longitudinal reinforcement ratio in comparison with using Grade 60
reinforcement.

2. The use of the lower longitudinal reinforcement ratio for the beams reinforced with high-strength steel
caused higher deflections compared to the beams reinforced with conventional Grade 60 steel at the same
load levels.

3. The measured shear crack widths for all beams reinforced with high-strength stirrups designed with a
yield strength of 80 and 100 ksi (552 and 690 MPa) were within the allowable limit recommended by ACI
318-08.

4. At ultimate, failure is typically due to crushing of the concrete strut for beams with and without stirrups.
For beams with high-strength stirrups, the measured strains in the stirrups were equal to or greater than
the strain of 0.0035 corresponding to 100 ksi (690 MPa) prior to crushing of the concrete strut.

5. The ACI, CSA, and AASHTO LRFD design codes can all be used to predict the shear strength of concrete
beams reinforced with high-strength stirrups, with ACI 318-081° being the most conservative. The
predictions by the CSA and AASHTO codes are quite accurate and are very close to each other. A yield
strength up to 100 ksi (690 MPa) can be used in the design of high-strength transverse reinforcement for
flexural members without impairing the ultimate load-carrying capacity and without exceeding the limits of
the crack width. The stirrups, however, should have 135-degree hooks to provide better anchorage when
it is designed for such high stresses. More testing is recommended to validate this detail.

6. The ultimate load-carrying capacities recorded for all of the beams were at least five times the service
load specified by ACI 318-08

9. Cyclic Response of Concrete Columns Reinforced with High-Strength Steel - 10th Canadian
Conference on Earthquake Engineering - Paper No 996 - J. Rautenberg, S. Pujol et. al — July 2010 (9
pages) - This paper compares the results of columns designed with ASTM A1035 120 ksi (830 MPa)
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longitudinal reinforcement to those of columns with ASTM 706 60 ksi (410 MPa) reinforcement and variable
axial loads with all columns having the same confinement steel. It is reported that the flexural strength of
these columns is controlled by the strength of the steel; and that two sections with different grades of steel
have similar moment capacities as long as the product of reinforcement ratio and yield stress is similar for
both sections. Tests of columns under cyclic load reversals show that columns reinforced with ASTM
A1035 120 ksi (830 MPa) steel reinforcement can reach drift ratios of 4%; and have smaller drift capacities
than columns reinforced with (twice as much) A706 60 ksi (410 MPa) steel.

10. Design Guide for the Use of High-Strength Steel Bars (ASTM 1035-07) for Structural Concrete -
ACIITG-6R-10 - August 2010 - ACl Innovation Task Group 6: P. Zia, A. Luba, S. K. Ghosh, C. Paulson,
A. Lepage, H. Russell, K. Luttrell, J. Sanders, R. Mast (90 pages) - This guide provides
recommendations on appropriate design procedures for the use of ASTM A1035 Grade 100 high-strength
deformed reinforcing bars, for reinforced concrete members with regard to safety and serviceability. It was
developed to address certain requirements in ACI 318-08 that limit more efficient use of high-strength steel
bars.

This document includes a discussion of the material characteristics of ASTM A 1035 steel bars and
recommends design criteria for beams, columns, slab systems, walls, and footings in low and moderate
seismic applications (Seismic Design Category A, B, or C). For high seismic areas, the application of this
guide is currently limited to slab systems, foundations, and structural components not designated as part
of the seismic-force-resisting system but explicitly checked for the induced effects of the design
displacements. The only exception to this, is the use of transverse reinforcement for concrete confinement
with specified yield strength, fy, up to 100,000 psi (690 MPa) as permitted by Section 21.1.5.4 of ACI 318-
08.

Design examples are included as part of this document to illustrate design procedures and proper
applications of the recommended design criteria. Also included as part of these design examples are
commentaries, which are provided to highlight the differences in design when using ASTM A1035 high-
strength steel bars as opposed to the conventional ASTM A615 steel bars

11. Flexural Behavior And Design With High-Strength Bars And Those Without Well-
Defined Yield Point Transportation Research Board Annual Meeting 2010 Paper #10-1599-
B. Shahrooz, K. Harries, H. Russell et al.- Jan. 2010 (16 Pages) - This paper focuses on behavior
and design of flexural members reinforced with high-strength reinforcement (ASTM A1035) as well as other
types of steel without well-defined yield plateaus, as part of National Cooperative Highway Research
Program (NCHRP) Project 1277 Structural Concrete Design with High-Strength Steel Reinforcement.
Analytical formulations and experimental testing of full-scale beams are reported. The following
conclusions were made from these formulations and experimental testing. The results of this study make
the following general conclusions.
“For beams with reinforcement ratios less than 3%, flexural capacity of members reinforced with high-
strength and other grade bars with no clear yield point can be established by using well-established strain
compatibility analysis procedures in which the steel stress-strain behavior is idealized as being elastic-
perfectly plastic with the yield point taken as the stress at strain equal to 0.0035 or 0.005. For beams
with reinforcement ratios larger than 3% and concrete strength exceeding 69 MPa (10 ksi), the use
of stress corresponding to strain equal to 0.0035 is conservative and recommended. For A1035
reinforcing bars, the yield strength at this strain maybe taken as 100 ksi.
The strain limit to achieve tension-controlled behavior for members using high-strength reinforcement
should be taken as 0.008 (instead of the current value of 0.005). The corresponding strain limit for
compression-controlled members is 0.004 (versus 0.002 in current AASHTO LRFD Bridge Design
Specifications).
Members reinforced with high-strength ASTM A1035 bars exhibit adequate ductility and do not suggest
any unexpected response characteristics.”

12. Bond and Anchorage of High Strength Reinforcing Steel - TRB 2010 Paper #10-1328, K. Harries,
B, Shahrooz, H. Russell, et al - January 2010 (12 pages) - This paper, which was prepared as part of
TRB’s NCHRP 12-77 project: Structural Concrete Design with High-Strength Steel Reinforcement, stated:
“The study clearly demonstrates that the present AASHTO, and indeed ACI requirements for both straight
bar tension development and hooked anchorage tension development may be extended to develop bar
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stresses of at least 125 ksi (860 MPa) for concrete strengths up to 10 ksi (69 MPa). In using higher strength
steel, greater bar strain and slip will occur prior to development of the bar. The results of this study and
previous work clearly indicate that confining reinforcement should always be used when developing,
splicing or anchoring ASTM A1035 reinforcing steel.” The results reported in this paper will be part of
NCHRP 12-77 Project Report 679, which will provide an evaluation of existing AASHTO LRFD Bridge
Design Specifications relevant to the use of high-strength reinforcing steel and other grades of reinforcing
steel having no discernable yield plateau. NCHRP Report 679 will include recommended language to the
AASHTO LRFD Bridge Design Specifications, Sections 3, 5 and 9 that specifically permits the use of high-
strength reinforcing steel with specified yield strengths not greater than 100 ksi (690 MPa).

13. Use Of High-Strength Steel Reinforcement In Shear Friction Applications - Master’s Thesis Univ.
of Pittsburg- Gabriel Zeno - November 2009 (91 pages) - This thesis reports the results of a study
associated with Task 8.4b of the National Cooperative Highway Research Program (NCHRP) Project 12-
77 Structural Concrete Design with High-Strength Steel Reinforcement. This study’s test results showed
that the shear friction mechanism occurs in stages and that the concrete component contributes to the
majority of the shear friction capacity prior to cracking when the steel component develops. Therefore, the
concrete and steel components of the shear friction mechanism do not act simultaneously as implied by
the present AASHTO shear friction equation. In addition, the test results showed that, contrary to the
assumptions of the AASHTO and ACI equations to calculate the shear friction capacity of concrete
members, the interface steel reinforcement never reaches its yield strain. Therefore, the use of high-
strength reinforcing steel does not affect the shear friction capacity of concrete members because the
clamping force is a function of the elastic modulus of the steel rather than its yield strength. Based on these
findings and using the experimental data from current and previous tests, an equation was proposed as an
alternative to the existing AASHTO and ACI equations to calculate the shear friction capacity of concrete
members. While the proposed equation is still semi-empirical, it represents the actual shear friction
behavior better than the existing equations.

14. Bond Characteristics of ASTM A1035 Steel Reinforcing Bars - ACI Structural Journal, - J. Jirsa,
D. Darwin, S. Rizkalla, P. Zia, et al.- Jul/Aug 2009 (10 Pages) - This paper states: “The study shows
that using high-strength steel [ASTM A1035] alters the mode of failure from diagonal tension to shear
compression failure and results in higher shear strength compared with using conventional steel. It was
also found that the current ACI shear design provisions are unconservative for large-size concrete beams
without web reinforcement”. Among the paper’s conclusions are the following: “The use of transverse
reinforcement to confine the spliced bars allowed splitting cracks to develop along the spliced bars and
spalling of the cover was more gradual.”— This conclusion is made when comparing beams with and without
transverse reinforcement. “By confining the ASTM A1035 spliced bars with transverse reinforcement, bar
stresses at bond failure of up to 150 ksi (1035 MPa) were reached for No. 8 and No. 11 (No. 25 and No.
36) bars.” ... “The ACI Committee 408 equation provides a reasonable estimate of the strength for both
unconfined and confined splices using a strength reduction factor (¢-factor) of 0.82 and design parameters
(cover, spacing, and concrete strengths) comparable to those used in this test program. The design
equations in ACI 318 are less conservative, with a large percentage of the developed/calculated strength
ratios below 1.0, and should not be used for development and splice design with high-strength reinforcing
steel in their present form” (Copy of this paper may be obtained from the American Concrete Institute (ACI)
Farmington Hills, MI)

15. Rigid Pavement 100 KSI Steel Lane Tie Bar Substitution Analysis and Design - CME
Transportation Group— T. Biel, — July 2009 (10 Pages) - This report provides an analysis and design
methodology for substituting 100 ksi (690 MPa) corrosion resistant MMFX, (ASTM A1035/AASHTO MP
18) bars for either lower strength (i.e. 60 ksi [690 MPa]) coated or uncoated black steel bars. Design
procedures provide a new economical procedure for optimizing lane tie bar materials and installation costs
by utilizing MMFX2'’s high strength and corrosion resistant material properties.

16. Behavior of High-Performance Steel as Shear Reinforcement for Concrete Beams - ACI
Structural Journal - M. Sumpter, S. Rizkalla, P. Zia - Mar/Apr 2009 (7 pages) - This document states:
“This paper describes the behavior of high-performance (HP)[ASTM A1035] steel as shear reinforcement
for concrete beams. HP steel is characterized by enhanced corrosion resistance and higher strength in
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comparison to ASTM A615-06 Grade 60 steel.”... “Test results indicate that using HP steel reinforcement
increases the shear capacity and enhances the serviceability in terms of strength gain and reduction of
shear crack width. Current design codes can conservatively be used for the design of HP steel using a yield
strength of 80 ksi (552 MPa).” Among the paper’s conclusions are the following: “Direct replacement of
conventional Grade 60 stirrups with ASTM A1035 steel stirrups increased the shear load capacity of flexural
members and enhanced the serviceability in terms of distributing cracks and reducing crack width.” “Direct
replacement of conventional Grade 60 longitudinal reinforcement with ASTM A1035 longitudinal
reinforcement further increased the shear strength and enhanced serviceability;” “Shear crack widths were
within the allowable limit of 0.016 in. (0.41 mm) using an increased service stress level of 48 ksi (331 MPa)
for all beams reinforced with HP steel;” “The ACI, CSA, and AASHTO LRFD design codes can
conservatively predict the shear behavior of concrete beams reinforced with HP steel using a yield strength
of 80 ksi (652 MPa).” “Current research could not fully use the strength of ASTM A1035 steel stirrups
beyond 80 ksi (552 MPa) because the failure was controlled by crushing of the concrete in the strut. Pairing
high-strength concrete with ASTM A1035 steel could provide a better use for HP steel;” (Copy of this paper
may be obtained from the American Concrete Institute (ACI) Farmington Hills, MI.

17. Mechanical Properties of ASTM A1035 High Strength Steel Bar Reinforcement - Wiss, Janney,
Elstner Associates, Inc. - WJE No. 2008.9901.0 -S. Graham, C. Paulson - December 2008 (49 pages)
- This report indicates the results of laboratory tests to measure mechanical properties of ASTM A1035
steel reinforcing bars with specified yield strengths of 100,000 psi (Grade 100) and 120,000 psi (Grade
120). The tests were performed in support of the activities of ACI Innovation Task Group 6 (ITG-6) - High
Strength Reinforcing Steel. Tests measured axial tension stress (ASTM A370), at 0.0035 in/in strain, yield
strength (0.2% offset), and ultimate tensile strength, along with axial compression (ASTM E9) stress at
0.0035 in/in strain, and yield strength (0.2% offset). The following table compares the average tensile test
results to ASTM A1035 required values. Individual test specimen elongation curves are included as part
of the report. Modulus of Elasticity (E) tests were conducted in accordance with ASTM E111, indicating
ASTM A1035’s E value of 29,000 ksi (200 MPa) is similar to carbon steel.
Average Tensile Test Properties of ASTM A1035 Bars

ASTM A1035 Bar Stress corresponding to Yield strength  [Tensile Strength| Total Elongation
Grade extension of 0.0035 in./in. | (0.2% offset) (ksi) (ksi) (percent)
Ave Gr 100 Bar 92.4 126.2 158.1 9.0
Tests
A1035 Gr 100 Spec 80 100 150 7
Ave Gr 120 Bar 94.4 137.0 172.9 10.6
Tests
A1035 Gr 120 Spec 90 120 150 7

18. Analytical Evaluation of Structural Concrete Members with High-Strength Steel Reinforcement
- Master’s Thesis — University of Cincinnati — E. Ward — December 2008 (352 pages) - This report
investigates the use of reinforcing steel, which exhibits no well-defined yield plateau, in the design of
structural concrete members through analytical studies. Steel reinforcement considered includes ASTM
A1035, A955 (stainless steel), A706, A496, and A82. This study made the following conclusions and
observations: “The analytical studies suggest that concrete members designed with a yield strength of 100
ksi behave similarly to members designed with a yield strength of 60 ksi. Therefore, allowing concrete
members to be designed with reinforcing bars having a yield strength of 100 ksi is deemed reasonable.
Because the stress-strain diagram for A1035 reinforcing steel has no well-defined yield plateau, the
currently accepted strain limits of 0.005 and 0.002 were reevaluated. ... the strain limits for tension-
controlled behavior and compression-controlled behavior of members reinforced with A1035 bars were
found to be, respectively, 0.008 and 0.004. Columns designed with A1035 transverse reinforcement and
using the current equations for transverse steel spacing behave in the same manner as columns designed
with A615 reinforcement. A1035 shear reinforcement with a yield strength of 100 ksi provides adequate
shear resistance while maintaining acceptable diagonal crack widths and pattern.”
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19. Towards Earthqguake-Resistant Concrete Structures With Ultra High-Strength Steel
Reinforcement — 14" World Conference on Earthquake Engineering—A. Lepage, H. Tavallali, S. Pujol,
J. Rautenberg - October 2008 (9 pages) - This paper describes a collaborative experimental program
between Penn State University and Purdue University is underway to investigate the deformation capacity
of reinforced concrete members reinforced with ultra-high-strength steel reinforcement well in excess of 80
ksi (550 MPa). Test beams and columns are subjected to combined shear, moment, and axial load, applied
through controlled increasing displacement reversals. Main variables of the experiments include: yield
strength of main longitudinal reinforcement, 60, 100, and 120 ksi [410, 690, and 830 MPa]; yield strength
of transverse reinforcement, 60, 120, and 185 ksi [410, 690, and 1280 MPa]; spacing of transverse
reinforcement, d/2 and d/4; volume fraction of steel fibers, 0 and 1.5%; ratio of compression-to-tension
longitudinal reinforcement, p’/p = 0.5 and 1.0; and type of loading, monotonic and cyclical. Within the range
of code-accepted limits on reinforcement ratios, shear stress levels, and length-to-depth ratios, it is
expected that the deformation capacity of ultra-high-strength steel reinforced concrete members is going
to be increased by (1) reductions in spacing of transverse reinforcement; (2) increases in the ratio of
compression-to-tension longitudinal reinforcement, and/or (3) addition of engineered fibers.

20. Flexural Strength Design of Concrete Beams Reinforced with High-Strength Steel Bars - ACI
Structural Journal, - B. Mast, M. Dawood, S. Rizkalla, P. Zia - Sep/Oct 2008 (8 Pages) - This paper
presents a methodology for the flexural strength design of concrete beams reinforced with high-strength
reinforcing steel that conforms to the requirements of ASTM A1035-07 (MMFXz bars). The design method
is based on simple analysis techniques that satisfy fundamental principles of equilibrium and compatibility.
Strain limits for tension-controlled sections and compression-controlled sections are proposed that are
consistent with the approach of the current and past ACI 318 Codes. The proposed method is compared
with experimental results previously reported by others. The application of the proposed method is
demonstrated by a numerical design example. (Copy of this paper may be obtained from the American
Concrete Institute (ACI) Farmington Hills, M)

21. Shear Behavior of Concrete Beams Reinforced with High Performance Steel Shear
Reinforcement - Master’s Thesis - North Carolina State Univ. — Constructed Facilities Laboratory —
A. Munikrishna — July 2008 (152 pages) - This paper reports on a program utilizing the strength of ASTM
A1035 (MMFX>) as shear reinforcement for reinforced concrete flexure members at selected yield strengths
of 80 ksi (550 MPa) and 100 ksi (690 MPa) in comparison to conventional reinforcement designed at 60 ksi
(410 MPa) , which were tested to failure under static loading conditions. Conclusions from this program
are: “1. The shear capacity of flexural members can be achieved with lesser amount of MMFX stirrups ...
attributed to the higher tensile strength of the MMFX steel in comparison to Grade 60 steel. 2. The beams
reinforced with MMFX steel exhibited the same deflections at service load as the beam reinforced with
Grade 60 steel. 3. Shear crack widths measured for all tested beams reinforced with MMFX steel designed
with yield strength of 80 ksi and 100 ksi were within the allowable limit specified by the ACI Code. 4. The
ACI, CSA and AASHTO LRFD design codes can conservatively predict the shear behavior of concrete
beams reinforced with MMFX steel. 5. Design stress up to 100 ksi can be for MMFX transverse
reinforcement for flexure members without impairing the ultimate load carrying capacity and serviceability.”

22. Review of Port Authority of NY & NJ (PANYNJ) Testing of MMEX Reinforcing Steel, #11 rebars -
S. K. Ghosh (S. K. Ghosh) — April 2008 (Pages 44) - This report is based on the included PANYNJ’s
report and “Material Test Report — ASTM A1035 — Grade 120.” The review notes A1035 Grade 120’s
certified: tensile, yield (0.0035 strain and 0.2% offset) and elongation at facture properties, indicating that
all 30 test specimens exceeded the certified values. The author concludes: “Overall, | think the results are
quite reassuring. The shape of the stress-strain curve should not matter until we get into high-seismic
applications. And it can be accounted for in design. There is now an Innovation Task Group (ITG) within ACI,
working on a comprehensive design document for concrete structural members using MMFX steel. Such a
document is expected to be available within the next year or so.”

23. Shear Behavior of Large Concrete Beams Reinforced with High-Strength Steel - ACI Structural
Journal — T. Hassan, Rizkalla, P. Zia et. al. - Mar/Apr 2008 (7 Pages) - This paper states: “The study
shows that using high-strength steel alters the mode of failure from diagonal tension to shear compression
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failure and results in higher shear strength compared with using conventional steel. It was also found that
the current ACI shear design provisions are unconservative for large-size concrete beams without web
reinforcement.” Among the paper’s conclusions are the following: “Despite the reduction in the
reinforcement ratio by 40%, the shear strength of concrete beams reinforced with high-strength steel was
significantly higher than that of the beams reinforced with Grade 420 MPa (60 ksi) steel. The high yield
strength of the material maintained the capacity of the tension tie, and thus enabled the beams to resist
more load until crushing of the diagonal strut occurred ;” “A significant reserve in strength was observed
for beams reinforced with high-strength steel after diagonal cracking. Failure was due to crushing of the
diagonal concrete strut at much higher loads compared with beams reinforced with conventional steel;”
“The ACI 318-05 simplified expression for the shear contribution of concrete is unconservative for large-
size concrete beams without web reinforcement. The expression needs to account for the size effect and
the reinforcement characteristics.” (Copy of this paper may be obtained from the American Concrete
Institute (ACI) Farmington Hills, MI)

24. Behavior of Concrete Bridge Decks Reinforced with High-Performance Steel - ACI Structural
Journal, V. 105, No. 1. - G. Lucier, S. Rizkalla, P. Zia, Paul, H. Hatem — Jan./Feb. 2008 (9 pages) - This
paper describes the behavior of concrete bridge decks reinforced with MMFX2 (ASTM A1035) high-
performance (HP) steel, characterizing its high strength in comparison with conventional ASTM A615-06
Grade 60 steel The paper makes the following conclusions: “1. The ultimate load-carrying capacity of the
three bridge decks investigated in this study was on the order of 10 times the service load prescribed by
the AASHTO Specifications; 2. Punching shear was the primary mode of failure for the three bridge decks.
Due to continuity used in the test models, flexural-shear failure was observed as a secondary mode of
failure; 3. The cracking load of the three tested bridge decks was more than twice the service load
prescribed by the AASHTO Specifications. Hence, under service load level, the three bridge decks
behaved as uncracked sections. Therefore, using 33% less HP [ASTM A1035] steel should not alter the
serviceability behavior of concrete bridge decks; 4. The bridge deck reinforced with 33% less HP steel
developed the same ultimate load-carrying capacity as that reinforced with Grade 60 steel. This
performance is attributed to the higher strength of HP [ASTM A1035] steel compared with Grade 60 steel;
and 5. Behavior of bonded HP [ASTM A1035] steel bent bars is similar to the behavior of straight bars.
Debonded bent bars exhibit similar behavior to straight bars, including the linear and the nonlinear behavior
up to a strain of 1.5%. Its ultimate strength, however, is reduced by 6% and its ultimate strain by 70%.”
The papers also makes the following design guideline recommendations: “1. Substituting HP [ASTM A1035]
steel directly for conventional Grade 60 steel in a design, ...is a conservative approach; 2. HP [ASTM A1035]
steel can be used as the main flexural reinforcement for cast-in-place concrete bridge decks at a
reinforcement ratio corresponding to 33% less than that required for Grade 60 steel. Therefore, design of
reinforced concrete bridge decks using HP [ASTM A1035] steel can use a yield stress of 90 ksi (621 MPa)
for the HP [ASTM A1035] steel bars; 3. Reduced reinforcement ratio of HP [ASTM A1035] steel shall satisfy
all minimum reinforcement ratios prescribed by the AASHTO Specifications. In addition, the reduced
reinforcement ratio of HP [ASTM A1035] steel must comply with the crack control requirement of the
AASHTO Specifications; and 4. HP [ASTM A1035] steel bars can be bent up to 90 degrees without reducing
their ultimate strength or strain provided that the bend is fully encased and bonded to concrete.”

25. Behaviour of Concrete Deep Beams With High Strength Reinforcement - Structural Engineering
Report 277 University of Alberta, J. Garay-Moran, A. Lubell January 2008 (315 Pages) - This paper
reports on the testing of large-scale beams containing ASTM A1035 steel, at an effective yield strength of
860 MPa (125 ksi) as the main tension reinforcement. The program’s testing examined the adequacy of
CSA A23.3-04, ACI 318-05 and Eurocode 2 design models predict the behavior of reinforced concrete deep
beams containing high strength steel reinforcement. The report conclusions indicated: “Capacity
predictions made using the Strut and Tie Method provisions from the CSA A23.3-04, ACI 318-05 and
Eurocode2 were in good agreement with the results from deep beam specimens constructed with ASTM
A1035 reinforcing steel. ... Current design yield strength limits (500 MPa for CSA A23.3-04 and Eurocode
2 and 550 MPa for ACI 31805) can be increased to magnitudes closer to the effective yield strength
according to the 0.2% offset method.”
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26. Bond Behavior of MMEX (ASTM A 1035) Reinforcing Steel — Cooperative Research Program —
NC State Univ., S. Rizkalla et. al — Univ. of Kansas, D. Darwin et. al. — Univ. of Texas Austin, J. Jirsa
et. al — November 2007 (32 pages) - This report summarizes the findings of a cooperative research
program on the bond behavior of MMFX (ASTM A1035). Findings indicate, based on sixty-six MMFX
(ASTM A 1035) test specimens, that “... ACI 318-05 code design equation overestimates the strength of
unconfined spliced MMFX bars, especially for high strength concrete. On the other hand, the bond equation
for design recommended by ACI Committee 408 (as best-fit to the database but including a strength-
reduction factor ¢ of 0.82) underestimates the stresses for unconfined spliced bars for all but two out of 31
cases, but with less scatter than those obtained using the ACI 318-05 equation. ... ACI Committee 408
equation with a strength-reduction factor ¢ of 0.82 is recommended for development and splice design
using MMFX steel.”

27. Report on Structural Design and Detailing for High-Strength Concrete in Moderate to High
Seismic Applications - ACI ITG -4-3R-07 - ACI Innovation Task Group 4 (S. K. Ghosh, Chairman) -
2007 (Pages 62) -This report presents a literature review on seismic design using high-strength concrete.
Included as part of the report are a series of recommended modifications to “BUILDING CODE
REQUIREMENTS FOR STRUCTURAL CONCRETE” ACI 318-05. Subsequently, ACI 318-08 allowed an
upper limit of 100 ksi (690 MPa) on the yield strength of high-strength confinement reinforcement for
members resisting earthquake-induced forces in structures assigned to SDC (Seismic Design Category) D,
E, or F. (Copy of this report may be obtained from American Concrete Institute (ACI), Farmington Hills, MI)

28. “High-Strength Rebar Called Revolutionary” — McGraw Hill Construction - Engineering News
Record - July 22, 2007 (2 pages) - This magazine article describes the first use of MMFX, (ASTM A1035)
rebar in a high seismic zone (Seattle, WA) high rise building for column and shear wall boundary element
confinement. The article notes that use of ASTM A1035 at 100 ksi (690 MPa) design, reduced rebar
requirements by 40% in comparison to conventional design practices. In addition, use of ASTM A1035
rebar simplified the project's beam to column connections, reducing the construction time to make these
connections by up to 25%.

29. Behavior of High Performance Steel as Shear Reinforcement for Concrete Structures — Final
Report — North Carolina State Univ. — Constructed Facilities Laboratory — M. Sumpter, S. Rizkalla,
P. Zia—June 2007 (91 pages) - This report concludes that: 1. “Direct replacement of conventional Grade
60 longitudinal reinforcement with MMFX [ASTM A1035] longitudinal reinforcement showed an optimum
design by further increasing the shear strength and enhancing serviceability.” 2. “The use of MMFX
[ASTM A1035] steel, with a yield strength of 80 ksi, increases the allowable service stress level to
48 ksi. Shear crack widths measured for all tested beams reinforced with MMFX steel were within
the allowable limit specified by the ACI Code.”

30. Evaluation of Bond Characteristics of MMFEX Steel — North Carolina State Univ. — Constructed
Facilities Laboratory, Technical Report No. RD-07-02 — H. Seliem, A. Hosny, S. Rizkalla - June 2007
(71 pages) - This report concludes that: A. Stress levels of 90 and 70 ksi (620 and 480 MPa) and can be
achieved by No. 8 and No. 11 ASTM A1035 spliced bars without the use of transverse reinforcement
(confinement). B. Spliced bar transverse reinforcement was able to develop a stress of 150 ksi (1030
MPa) for No. 8 and No. 11 A1035 bars and increased the ultimate load and ductility of the beams. C.
Increasing the splice length, proportional to the square root of the ratio of the splice length and the bar
diameter, increased the strength of the splice. D. Increasing the concrete cover by the square root of the
ratio of the cover to the bar diameter, increases the stress developed in the spliced bars. E. Use of ACI 408
equation provides better prediction of stresses and less scatter than use of the ACI 318-05 equation.

31. Effects of Confinement and Gauging on the Performance of MMEX High Strength Reinforcing
Bar Tension Lap Splices — Master’s Thesis - University of Texas (Austin) — K. Hoyt — May 2007 (65
pages) - This program reports on testing of beam-splice specimens using ASTM A1035 No. 8 bar splices
in a constant moment region, with varied amounts of No. 4 Grade 60 transverse reinforcement and
spacing. It was found that: 1. ACI 408 equation provided a good estimate of failure stresses at high stress
levels, but with predicted lower strengths than measured in beams with confinement. 2. The linear nature
of the current development length code equation is acceptable. 3. Behavior of the interior splices was
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nearly identical to that of the exterior splice. 4. High steel stresses resulted in greater crack widths than
currently acceptable for service load stresses using Grade 60 steel. The equation used to determine
serviceability limits only appears to be effective for stress levels of 60 ksi [410 MPa] or less.

32. Performance of Tension Lap Splices with MMEX High Strength Reinforcing Bars - University of
Texas (Austin) — G. Glass — May 2007 (141 pages) - This paper reports on tests from beam-splice
specimens at the University of Texas, North Carolina State University, and the University of Kansas, making
the following conclusions concerning ASTM A1035 reinforcement: A. A1035 lap splices developed bar
stresses up to 155 ksi (1070 MPa). B. ACI 408 development length equation provided relatively accurate
estimates of failure stresses for splices with and without confining transverse reinforcement. C. ACI 318
and AASHTO LRFD development length equations provided unconservative calculated failure stresses for
unconfined splices, while providing reasonable calculated failure stresses for confined splices. D. The
addition of confining transverse reinforcement provided an increase in failure stress and was greater than
predicted by either the ACI 408 or ACI 318 equation. E. The addition of confining transverse reinforcement
provided an increase in beam deflections at failure; and was greater than proportional to the increase in
confining reinforcement. F. Service level crack widths were greater than the limits used as a basis for
serviceability provisions included in pre-1999 editions of ACI 318. G. Bar splices with stresses greater than
75 ksi (515 MPa) should be designed using the ACI 408 development length equation with the modification
factor ¢, equal to 0.82. H. A minimum level of transverse reinforcement should be included for all splices
above 75 ksi (515 MPa) except for those with No. 5 or smaller bars with large bar spacing and cover.

33. Behavior_of Concrete Bridges Reinforced with High-Performance Steel Reinforcing Bars —
Dissertation — North Carolina State Univ. — H. Seliem — 2007 (287 pages) - This paper describes the
testing of reinforced concrete structural members with MMFX2 (ASTM A1035) reinforcing bars and made
the following conclusions: “Yield strength of 90 ksi (621 MPa) can be used in design of bridge decks
reinforced with MMFX steel reinforcing bars without impairing the ultimate load carrying capacity or altering
the serviceability behavior. ... Up to #8 (NO. 25), spliced MMFX reinforcing bars can develop a stress of 90
ksi (621 MPa) without the use of confinement by transverse reinforcement. ... Minimum amount of
transverse reinforcement is required to confine spliced bars to ensure a ductile behavior of concrete
members with spliced bars as well as sufficient warning prior to failure. ... MMFX steel bars can be bent up
to 90 degrees without impairing their ultimate strength if they are fully bonded to concrete. ”

34. Behavior of Minimum Length Splice of High Strength Reinforcement — Honors Thesis -
University of Texas (Austin) — K. Donnelly — 2007 (37 pages) - This paper describes testing of MMFX
(ASTM A1035) beams, using No. 5 MMFX bars spliced with minimum splice lengths and varying levels of
transverse reinforcement. It was concluded that splice length designs using ACI 408 equations with
transverse reinforcement were more accurate than use of ACI 318, while ACI 318 designs were better
suited for unconfined splice designs.

35. Fatique Behaviour of MMEX Corrosion-Resistant Reinforcing Steel - Siebren J. DeJong and
Colin MacDougall Department of Civil Engineering, Queen's University, Ontario, Canada 7th
International Conference on Short and Medium Span Bridges, Montreal, Canada - 2006 (11 pages) -
This study indicates that MMFX; was tested to have a fatigue life of 1 x 10° cycles at a stress range of
approximately 310 MPa [45 ksi], compared to conventional steel 1 x 106 cycles at a stress range of
approximately 166 MPa [24 ksi]. The study made the following conclusion: “Thus, MMFX exhibits superior
fatigue resistance under constant amplitude loading in an air environment than conventional steel
reinforcing bars.”

36. Bond Characteristics of High-Strength Steel Reinforcement - ACI Structural Journal Vol. 103,
No. 6 - R. El-Hacha, H. El-Agroudy, S. Rizkalla — Nov./Dec. 2006 (12 pages) - This paper summarizes
the findings of a study concerning the bond characteristics of MMFX2> steel bars, based on testing of a
series of beam end specimens, comparing MMFX> bars to A615 Grade 60. The bond behavior of the
MMFX> bars was found to be similar to that of A615 Grade 60 ksi (410 MPa) steel up to the proportional
limit of 80 ksi (550 MPa), using splice length to bar diameter (Ls/db) of 30 db. A splice length of 45 dp was
found to be adequate for a MMFX2 bar yield strength of 110 ksi (760 MPa). (Copy of this paper may be
obtained from American Concrete Institute (ACI), Farmington Hills, Ml).
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37. Shear Behavior of Concrete Beams Reinforced with MMEX Steel without Web Reinforcement —
S. Rizkalla, H. Seliem, et. al — Technical Report: I1S-06-08 - NC State Univ. — April 2006 (13 pages) -
This study tested large size concrete beams reinforced with MMFX steel without web reinforcement under
static loading up to failure to evaluate their shear behavior. Among the report’s conclusion were: “reduction
of the longitudinal reinforcement area (40 percent less) of MMFX [ASTM A1035] steel used, the shear
capacity of the beams with a/d ratio of 1.79 and reinforced with MMFX steel was 80 percent higher than
those reinforced with grade 60 steel. For the beams with a/d ratio of 2.6, the beam reinforced with MMFX
steel had a capacity of 12 percent more than the beam reinforced with conventional Grade 60 steel. ... The
higher failure loads achieved by the beams reinforced with MMFX steel compared to the beams reinforced
with Grade 60 steel is due to the high-strength characteristics of the MMFX steel which is more than twice
of the Grade 60 steel.”

38. Application of ASTM A 1035 MMFEX Steel Reinforcement in Building Applications: An Appraisal
—S.K. Ghosh - S.K. Ghosh Associates Inc. - April 2006 (19 pages) - This report examines various design
aspects for use of MMFX2> rebar in building structural applications, relating the design to appropriate ACI
318 Sections. Conclusions of the report describe considerations for: a. allowable flexural tension design at
100 ksi (690 MPa), 80 ksi (550 MPa) in flexural compression, and 60 ksi (410 MPa) for shear strength, and
b. one-way slab tension design at 100 ksi (690 MPa) limitations, among design aspects presented.

39. Evaluation of MMFEX Steel For NCDOT Concrete Bridges — FHWA/NC/2006-31, NCDOT Report
2004-27 — S. Rizkalla, P. Zia et. al. — December 2005 (131 pages) - This publication states the following
conclusions based on testing of full-scale bridge deck sections and corrosion tests at North Carolina State
University: “1. Substituting MMFX steel directly for Grade 60 steel in a design ... is an overly-conservative
approach. 2. MMFX steel [ASTM A1035] can be used as the main flexural reinforcement for cast-in-place
concrete bridge decks at a reinforcement ratio corresponding to 33% less than that required for Grade 60
steel. Therefore, a design of reinforced concrete bridge decks using MMFX steel may utilize an equivalent
yield stress of 90 ksi for the MMFX steel bars. 3. Design of concrete bridge decks utilizing the high tensile
strength characteristics of the MMFX steel should satisfy all minimum reinforcement ratios required by the
AASHTO LRFD Bridge Design Specifications as well as the serviceability requirements of the
specifications. 4. MMFX steel [ASTM A1035] has a much lower corrosion rate compared to conventional
Grade 60 steel. Therefore, the use of MMFX steel could increase the service life of concrete bridges and
lower repair costs.”

40. MMEX Rebar Evaluation for I-95 Service Road Bridge 1-712-B — University of Delaware- M.
Chajes, M. McNally et. al — March 2005 (162 pages) - The following is a summary of results from the four
point bending tests of the “standard” beam (60 ksi [410 MPa] yield design), “MMFX4” beam (same
reinforcement as 60 ksi [410 MPa] yield design], “MMFX2” beam (100 ksi [690 MPalyield design), and the
“CFRP” beam [ACI 440.1 R-01 design guideline]. Both ultimate loads and mode of failure were
predicted with good accuracy using traditional equations for the MMFX reinforced beams. Yield deflection
calculations were smaller and load at L/800 calculations were greater than the actual measured yield
deflection and load at L/800 values for all beams. This may have been due to early cracking. All beams
cracked at a similar load level. Both MMFX beams failed in the desired mode. For both beams, the MMFX
rebar yielded prior to failure.

41. Tensile Test — Coupled Reinforcing Steel Bars (w/ Stress vs. Strain Graphs) — Smith Emery
Laboratories — February 2005 (26 pages) - This report covers the successful testing of #4, #8, #9, #10,
and #11 MMFX Bars fitted with Barsplice® couplers. The report covers test results and photographs of
tested samples.

42. Tensile Testing of Mechanical Bar Splices for MMEX Steel — Florida DOT — A. Michael - February
2004 (15 pages) - Two types of commercially available mechanical splices for #6 bars were tested to
establish compatibility with MMFX> rebar. Both splice types exceeded the capacity of the MMFX bar and
failure occurred in the steel bar. The average stress in the bars at failure was 173.6 ksi (1195 MPa).
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http://mmfx.com/doc2/Tensile_Test_Stress_Strain_SmithEmery.pdf

http://mmfx.com/doc2/Tensile_Testing_Mechanical_Splices_Michael.pdf



43. “Seismic_Behavior of Bridge Columns Built Incorporating MMFEX Steel” — University of
California, San Diego — Report No. SSRP - 2003/09 — B. Stephan, J. Restrepo, F. Seible — October
2003 (37 pages) - Testing was performed on two similar column units constructed using ASTM A706 Grade
60 and MMFX: reinforcing bars. The ASTM unit was designed according to the CALTRANS Bridge Design
Specifications (July 2002) and the MMFX unit incorporated MMFX’s design strength resulting in
approximately half the steel requirement of the ASTM unit. The tests conclusively showed that both units
can be designed to form ductile flexural plastic hinges and can sustain drift levels of approximately 4%
without failure and complied with CALTRANS column seismic failure criteria. (See also — “Seismic Testing
of Bridge Columns Incorporating High-Performance Materials” — ACI Structural Journal Vol. 103,
No. 4 - J. |. Restrepo, F. Seible, B. Stephan, M. J. Schoettler - July-August 2006 - 9 pages) - (Copy of
this paper may be obtained from American Concrete Institute (ACI), Farmington Hills, MI)

44. Development Length of Micro-composite (MMFEX) Steel Reinforcing Bars Used In Bridge
Applications - University of Massachusetts Amherst — S. Peterfreund - June 2003 (59 pages) - This
study reports on the laboratory testing of beams using MMFX (ASTM A1035) No. 4 and No. 5 bars for
tensile reinforcement, varying the lap splice length in the constant moment region. Tests were compared
to ACI 318-02 development length code (Equation 6-1); and the tested lap splice lengths were determined
to be “more than adequate to develop the flexural capacity of the beam”

45. “Fundamental Material Properties of MMEX Steel Rebars”, North Carolina State University,
NCSU-CFL Report No. 02-04 - Raafat El-Hacha Ph.D. and Sami Rizkalla Ph.D. - July 2002 (61 pages)
- This report provides preliminary data for the fundamental mechanical material properties of MMFX steel
reinforcing rebars. The testing focused on the mechanical properties in tension and in compression, shear
strength, fatigue strength, effect of bend on tensile strength of the bent rebar (stirrup), bond strength and
development length, and the behavior of MMFX rebars as compression steel in reinforced concrete
columns.

46. Bending Behavior of Concrete Beams Reinforced with MMEX Steel Bars - Constructed Facilities
Center, West Virginia University - Vijay P.V., Ph.D. et. al - July 2002 (34 pages) - Theoretical moments
can be predicted very well using current theories. Beams exhibited a significant amount of elongation
before compression failures (secondary) occurred. Deflection values can be well approximated up to a
stress level of 75 ksi (515 MPa) (within the serviceability stress limits) using actual stiffness of the bar at a
given stress level and also by accounting the corresponding increase in strain as compared to Es = 29x10°
psi. The crack width values evaluated by using stress in tension steel and also by accounting for the
corresponding strain value at that stress level led to very good prediction of crack widths.
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C. Supplemental References

1. “Product Guide Specification — Microcomposite (MMFX,) Steel Uncoated, Plain and
Deformed Bars For Concrete Reinforcement”- MMFX Technologies Corporation — September
2013 (8 pages) - This guide product and construction specification provide a guideline to assist design
engineers in specifying MMFX: rebar, referencing applicable codes and standards that apply to it, along
with MMFX2’s material properties and recommendations for fabrication, and field installation.

2. “Product Guide Specification — ChromX™ 4100 Plain and Deformed Bars For Concrete
Reinforcement”— MMFX Technologies Corporation — January 2014 (8 pages) - This guide product
and construction specification provides a guideline to assist design engineers in specifying ChromX™
rebar, referencing applicable codes and standards that apply to it, along with ChromX™’s material
properties and recommendations for fabrication, and field installation

3. ASTM A1035/A1035M-13b Specification “Deformed and Plain, Low-carbon, Chromium, Steel
Bars for Concrete Reinforcement” - American Society For Testing And Materials - West
Conshohocken, PA 19428 — (6 pages) - This ASTM specification, which MMFX2 rebar qualifies as, was
prepared by ASTM’s 1.05 Committee based on material properties that MMF Xz rebar possesses. Bars are
of two minimum vyield strength levels as 100 ksi [690 MPa], and 120 ksi [830 MPa] designated as Grade
100 [690] and Grade 120 [830], respectively. Document available through ASTM (American Society for
Testing and Materials).

4. AASHTO MP 18 M/MP 18-09 Standard Specification: “Uncoated, Corrosion-Resistant, Deformed
and Plain Alloy, Billet-Steel Bars for Concrete Reinforcement and Dowels” — 2009 (15 pages) - This
specification was prepared in conjunction with AASHTO SOM (Subcommittee on Materials) Technical
Section 4g “Concrete Reinforcement”. ASTM A1035 (MMFX3) and stainless steel reinforcing bars are
included in this specification, which defines corrosion resistant bars by testing them in accordance with the
document’s Annex A, “Test Method for Comparative Qualitative Corrosion Characterization of Steel Bars
Used in Concrete Reinforcement.” Document available through AASHTO (American Association of State
Highway and Transportation Officials).

5. Quality Assurance Manual 8" Edition — MMFX Steel Corporation —January 2014 (12 pages) - This
manual provides the quality control basis for the manufacture of all MMFX2/ChromX™ steel bars while

ensuring that the manufacturing practices and tolerances used in MMFX2/ChromX™’s production, provide
both the certified chemical composition and mechanical properties are met or exceeded.

6. MMFEX,/ ChromX™ Steel - Material Safety Data Sheet (MSDS) - Cascade Steel Rolling Mills— 2008
(6 pages): This document provides information concerning MMFX2/ChromX™ bars, including physical
and chemical properties, handling and storage, toxicological information of the main components, and
waste disposal.

7. Chemical, Mechanical Analysis, Tests and Measurements performed on Bar nhumbers 3,4, 5, 6,
7,8, 9, 10 and 11 MMEX-2 (AASHTO MP 18/ASTM A 1035) grade 100 steel rebar samples —
Professional Service Industries, Inc. (PSI)- PSI Project: 0689492-2a- Paul Irish - June 2011 (6 pages)
- This test report provides results of mechanical and other testing of MMFX> (AASHTO MP 18/ASTM A1035)
bar sizes 3 through 11, certified to AASHTO MP 18 and ASTM A1035 in accordance with AASHTO MP 18
Sections 6, 7, 8, 9, 10, 12 13 and 21. All test bars met the requirement of AASHTO Standard Specification
M18 as indicated in the test data table included in the report.

8. MMEX 2 (ASTM A 1035, Grade 100) Steel Rebar Corrosion Performance Testing in Accordance
with AASHTO MP 18M/MP 18-09 — Tourney Consulting Group (TCG) — Report TCG # 11072- August
2011 (29 pages) - This test report indicates the result of corrosion test of AASHTO MP 18/ ASTM A1035
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http://www.astm.org/Standards/A1035.htm

http://www.astm.org/Standards/A1035.htm

http://www.techstreet.com/standards/AASHTO/MP_18M_MP_18_09?product_id=1646067

http://www.techstreet.com/standards/AASHTO/MP_18M_MP_18_09?product_id=1646067

http://www.mmfx.com/doc/MMFX_Quality_Assurance_Manual.pdf

http://www.mmfx.com/doc/MMFX_Material_Safety_Data_MSDS_2006.pdf

http://mmfx.com/doc2/Chemical_Mechanical_Analysis.pdf

http://mmfx.com/doc2/Chemical_Mechanical_Analysis.pdf

http://mmfx.com/doc2/Corrosion_Performance_AASHTO_Berke.pdf

http://mmfx.com/doc2/Corrosion_Performance_AASHTO_Berke.pdf



certified bar in accordance with AASHTO MP 18 — Annex A polarization resistance and potentiodynamic
polarization tests on No. 3 through No. 11 test bars. Results of these corrosion tests indicated that all bars
met the corrosion test requirement s of AASHTO MP 18 In addition, micrographs of etched specimens were
taken as an index for confirmation of the microstructure for each of the test bars. The metallographic
examination showed Martensite, fine grain microstructure structure for each of the MMFX test bars at a
500x magnification.

9. Chemical, Mechanical Analysis, Tests and Measurements performed on Bar numbers 3, 4, 5, 6,
7,8,9, 10, 11, 14 and 18, ASTM A1035, Grade 100 steel rebar samples — Professional Service
Industries, Inc. (PSI)- PSI Project: 0689492-11- Paul Irish — August 2012 (7 pages) - This test report
provides results of mechanical and other testing of MMFX2 (ASTM A1035) bar sizes 3 through 11, 14 and
18 certified to ASTM A1035 in accordance with ASTM A1035 Sections 6, 7, 8, 9, 10, 12 13 and 21. All test
bars met the requirements of ASTM Standard Specification A1035/A1035 M -11 as indicated in the test
data tables included in the report.

10.ICC ES Evaluation Report ESR 2107 - International Code Council (ICC) Subsidiary ICC ES

(Evaluation Service) January 2013 (5 pages) - This report provides guidance how MMFX2/ ChromX™
(ASTM A1035 Gr. 100) high strength bars can be designed into structures; compliant with the 2012 IBC
and referenced to ACI 318 and ACI ITG 6R-10 (ref 4.B.10).

11. CRSI — Specialty & Corrosion Resistant Steel Reinforcement — Product Guide - Concrete
Reinforcing Steel Institute — July 2013 (28 pages) - CRSI’'s Product Guide provides a comparison of
fabrication, estimating, detailing and placement information for Corrosion Resistant Reinforcing (CRR)
bars: MMFX2 (AASHTO MP 18/ASTM A1035), epoxy coated (ECR), galvanized, stainless steel (SS) and
dual coated (Z-bar). A summary comparison of these CRR bars is provided in MMFX’s CRR CRSI Product
Guide Comparison, which indicates that fabrication, estimating, detailing and placement of MMFXz bars
is easier than the other CRR bars included in the CRSI Product Guide.
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1. PROJECT APPLICATIONS

Since 2001, MMFX; rebar has been used in various public infrastructure and public / private development
projects in the United States, Canada, Mexico, Puerto Rico, Abu Dhabi — United Arab Emirates (UAE), and The
Bahamas. Following is a representative list of some of those projects. These project applications illustrate the
diverse geographical locations from Alaska to Florida and from New Jersey to California; and the Middle East
where MMFX,; rebar has been used. These examples of MMFX,'s use also demonstrate how AASHTO MP 18 /
ASTM A1035/ bars have been utilized for their corrosion-resistant and high-strength material properties.

A. Public Infrastructure Projects

Location
Project Description

Vian, OK - Sequoya Co. State

Owner/Agency

Project Information

Bridge - Abutments, columns

US 395 North Spokane Corridor

Hwy 100 over lllinois River Arlrzr;]y ;ogerSOf and deck (75 ksi design
1 Lake Tenkiller Spillway T Ig Dist except precast elements)
- Channel Bridge uisa List. Constructed 2006
AEdrr?ont(l)—lnl AdB - CAN Alb MOT Girders and abutment for 47 bridges
2. nt ony Henday Drive erta MO Under construction 2013
Ring Road
Winnipeg, MB - CAN 75 Year design life
3 Disraeli Freeway Bridge Manitoba MOT Columns, abutments, caps
- over Red River and deck - Constructed 2012
Stockton, CA Bridge girders
4. Daggett Road Bridge Port of Stockton (100ksi design)
o over Burns Cut-off Constructed 2006
Folsom, CA Sacramento Bridge - Abutments, columns
5. Light Rail Bridge over Regional and girder (100 ksi design)
o Alder Creek Transit Authority Constructed 2004
Saskatoon, SK - CAN .
Ci . Bridge deck and columns
6. ircle Drive over Saskatchewan MOT Constructed 2012
o South Saskatchewan River
Floating US Navy Pier
. US Navy — NFSEC (Naval
San Diego, CA E avy . ( .ava Corrosion resistance reinforcing
7 o acilities Engineering }
L Modular Hybrid Pier Command) steel throughout entire
structure - Constructed 2004
Bristol Co. VA Pier Table (75 ksi design)
8. Route 460 Connector Virginia DOT and Bridge deck
Coal Fields Expressway Under Construction 2013
Richmond, VA - Huguenot Bridge s Bridge Deck
9. (SR 147) over James River Virginia DOT Completed 2013
10 Spokane, WA Washington DOT 1.5" diameter by 18" pavement

Eastern Region

dowel bars - Constructed 2011

MMFEX STEEL -
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PROJECT 1 - State Hwy 100 - Vian, OK

State Hwy 100 over lllinois River Lake
Tenkiller Spillway - Vian, OK

Bridge - Abutments, columns and deck
(75 ksi design except precast elements)
Constructed 2006
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TODAY 'K

TO [ NORTH
I

.| Anthony Henday s

S

Anthony Henday Drive Ring Road - Edmonton, AB, CAN
Girders, abutment for 47 bridges. Under construction 2013
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TODAY

Disraeli Freeway Bridge over Red River -
Winnipeg, MB, CAN

75 Years design life

Columns, abutments, caps

and deck - Constructed 2012
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PROJECTS
TODAY'S STEEL STANDARD

PROJECT 4 - Daggett Road Bridge - Stockton, CA

Girder Reinforcement
« Mild Steel

High Strength

MMFX Steel

Daggett Road Bridge over Burns Cut-off,
Stockton, CA
Bridge girders (100ksi design) . Constructed 2006
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Light Rail Bridge over Alder Creek - Folsom, CA
Bridge — Abutments, columns and girder
(100 ksi design)

Constructed 2004
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PROJECT 6 - Circle Drive - Saskatoon, SK, CAN

)

Circle Drive over South Saskatchewan River - Saskatoon, SK, CAN
6 - Lane bridge deck and columns. Constructed 2012

MMFX STEEL - PROJECT APPLICATIONS AND AGENCY APPROVALS 9





United States Navy Modular Hybrid Pier
San Diego, CA

Floating US Navy Pier

Corrosion resistance reinforcing steel
throughout entire structure

Constructed 2004
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PROJECT 8 - Route 460 Connector - Bristol Co., VA

Route 460 Connector,
Coal Fields Expressway
Bristol Co., VA

Pier Table (75 ksi design)
and Bridge deck.

Tallest bridge in Virginia
Under Construction 2013

MMFX STEEL - PROJECT APPLICATIONS AND AGENCY APPROVALS 1
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Huguenot Bridge (SR 147) over James River - Richmond, VA
Bridge Deck. Completed 2013
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US 395 North Spokane Corridor — Spokane, WA

Corrosion-resistant 1.5"” diameter by 18" pavement dowel bars. Constructed 2011

MMFX STEEL - PROJECT APPLICATIONS AND AGENCY APPROVALS 13





B. Public and Private Development Projects

Project

Location
Project Description

Owner/Agency

Project Information

Gulf Shores, AL

Alabama

Precast piling and

1 Gulf State Park substructure
Fishing Pier State Parks Constructed 2008
Miami, FL 49 floor Condominium

Seawall

Mobile District

2. Everglades on the CABI Developers Foundation (80 ksi design)
Bay Condominiums Constructed 2007
San Francisco, CA _ ) Building foundation and
3 California Academy Callfornla. aquarium tank reinforcement -
= Exhibition, Education and Academy of Sciences project awarded platinum LEED
Research Center Constructed 2008
CFE Diversion Tunnel Plugs
4 Hostotipaquillo, Jalisco, Mexico i Grade 120 material certification
- 750 Mw (Com|5|on'F.ederaI 208 Meter high concrete-
La Yesca Hydroelectric Dam de EIectr.|C|dad) faced rock-fill dam
Mexico Constructed 2012
Grand Isle, LA ) Oil field service docks - drill shaft
5. North Expansion at Edison Chouest piles and caps (100 ksi design)
Port Fourchon Offshore Constructed 2009
31 floors above grade and
8 floors below grade -
6. Seattle, WA‘ Lexas Development columns and shear walls
= Escala Condominiums (100 ksi design of seismic
confinement ties)
Constructed 2008
Abu Dhabi, UAE 1.5 km long diaphragm wall
L Al Sowwah Island Mubadala Development (600 MPa design)
Diaphragm Wall Constructed 2011
Juneau. AK NOAA —National Oceanic Wet well purr;]p station and filter
8. . & Atmospheri ouse
Ted Stevens Research Center pheric
Administration Constructed 2006
Port Orchard. WA Floating Breakwater
9. loati ort re a:g ! c Port of Bremerton 100 ksi corner reinforcement
Floating Marina Breakwater Constructed 2006
Bay St. Louis, MS US Army Corps 6000 ft long coastal
10. North Beach Blvd of Engineers seawall

Constructed 2011

MMEX STEEL -
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e
VDA T

PROJECT 1 - Gulf State Park Fishing Pier - Gulf Shores, AL

Gulf State Park Fishing Pier - Gulf Shores, AL
1,540 ft long precast piling and substructure. Constructed 2008
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TODAY 'S 5

Everglades on the Bay Condominiums

Miami, FL
49 floor Condominium, Foundation (80 ksi design)
Constructed 2007
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PROJECT 3 - California Academy of Sciences Exhibition and Research Center - San Francisco, CA

. --_--1 1
A

T

California Academy of Sciences
Exhibition and Research Center,
San Francisco, CA

Building foundation and aquarium
tank reinforcement

Project awarded platinum LEED
Constructed 2008

MMFEX STEEL -
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La Yesca g

Hydroelectric Dam

Hostotipaquillo, JAL,

MEX

Diversion Tunnel Plugs [
Grade 120 material |

certification |

208 Meter high concrete-

faced rock-fill dam

Constructed 2012
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PROJECT 5 - Northern Expansion at Port Fourchon - Grand Isle, LA

Northern Expansion at

Port Fourchon, Grand Isle, LA
Oil field service docks - drill shaft
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Escala Condominiums

Seattle, WA

31 floors above grade and 8 floors below
grade - columns and shear walls

(100 ksi design of seismic confinement ties).
Constructed 2008

LEA T

TRy
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TODAY 'S STEEL STANDARD

PROJECT 7 - Al Sowwah Island Diaphragm Wall - Abu Dhabi, UAE

Al Sowwah Island
Diaphragm Waill,

Abu Dhabi, UAE

1.5 km long diaphragm
wall (600 MPa design)
Constructed 2011
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TODAY 'S 5

NOAA Ted Stevens Research Center,

Juneau, AK
Wet well pump station and filter house.
Constructed 2006
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PROJECT 9 - Floating Marina Breakwater - Port Orchard, WA

Floating Marina
Breakwater,
Port Orchard, WA

Floating Breakwater
100 ksi corner
reinforcement.
Constructed 2006
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North Beach Blvd Seawall

Bay St. Louis, MS

US Army Corps of Engineers,
6000 ft long coastal seawall
Constructed 2011
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2. AGENCY APPROVALS

MMFX, (ASTM A1035/AASHTO MP 18) rebar has been designed and/or used in various private development
projects in: Alabama, Bahamas, California, Florida, Georgia, Illinois, Kentucky, Louisiana, Minnesota, Missouri,
Mississippi, Montana, Nevada, New Jersey, New York, North Carolina, Oregon, Tennessee, Texas, Virginia, and
Washington. These project applications include: building slabs, piles, foundations, columns, shear walls and
beams designed to either utilize the superior corrosion and or mechanical properties of the MMFX, steel bars.

Public Agency Infrastructure Usage: Since MMFX, rebar’s introduction into the market place in 2001, it has been
used in more than 100 bridge projects, located in: 27 states, 4 Canadian provinces, Puerto Rico and the Bahamas.
The following state transportation agencies have been designed and/or constructed with MMFX in: bridge
decks, other structural members, and/or using pavement dowel bars:

Alabama DOT Kentucky Transportation Oklahoma DOT
Arizona DOT CALTRANS Cabinet Pennsylvania DOT
Colorado DOT Massachusetts DOT South Carolina DOT
Connecticut DOT Maine DOT Texas DOT
Delaware DOT Michigan DOT Utah DOT

Florida DOT New Hampshire DOT Vermont DOT
Idaho DOT New Mexico DOH&T Virginia DOT
Indiana DOT North Carolina DOT Washington DOT
lowa DOT Ohio DOT Wisconsin DOT

In addition, the following government agencies also have used MMFX, rebar in their reinforced concrete
structures:

Ada County Highway Department, Idaho

+ Alberta Ministry of Transportation

British Columbia Ministry of Transportation

- Cities of: Boca Raton, Daytona, Jupiter, New
Smyrna, St. Petersburg, Florida; Atlanta, Georgia;
Chicago, lllinois; Winnipeg, Manitoba; St. Paul,
Minnesota; Bayonne, New Jersey; Carlsbad, Raton,
New Mexico

CFE, Comision Federal de Electricidad, Mexico

« Counties of: Los Angeles, California; Lee, Pinellas,
Florida; Cuyahoga, Hamilton, Ohio; Kitsap,
Washington

Manitoba Highway Department

« NASA (National Aeronautics and Space

Administration)

+ National Oceanic and Atmospheric Administration

(NOAA)

New Brunswick Ministry of Transportation

New York State Thruway Authority
Pennsylvania Turnpike Authority

Port of Bremerton - Washington

Port of Stockton - California

Puerto Rico Departamento de Transportacion y
Obras Publicas

Sacramento Regional Transit District, California
States of Alabama, Hawaii, Nebraska and Oregon
U.S. Air Force

U.S. Army Corps of Engineers, Tulsa District

U.S. Naval Facilities Command

U.S. Veterans Administration

Virginia Port Authority

VANOC (Vancouver Olympic Committee)

MMEX STEEL -

PROJECT APPLICATIONS AND AGENCY APPROVALS

25





A. Transportation Department Approvals

Name of Agency

Alabama DOT

Approval Date

02-03-04

Name & Phone Number

of Contact

Billy Bullard
(334) 206-2209

Alberta Transportation

Trial Products

Roger Skirrow

11-24-09 (780) 427-7761
L. Janie Spencer
CALTRANS (A) 06-11-09 (916) 227-7073
David Kotzer
Colorado DOT 02-11-05 (303) 757-9421
Georgia DOT 12-11-03 Reggie Fry
(404) 363-7619
Steve Loop
Idaho DOT 07-30-04 (208) 334-2867
Manitoba Infrastructure and 06-2010 Tara Liske
Transportation (MIT) (204) 945-1941
New Mexico Dept. of Highways 10-23-02 Ernest Archulata

and Transportation

(505) 827-5100

North Carolina DOT

Approved for Provisional Use

Leigh M. Wing

07-08-10 (919) 508-1860
Randy Cox, P.E.
Barry Sharp
Utah DOT (C) 04-25-05 (801) 965-4314
John Livingst
Washington State DOT (D) 06-24-05 o s N

(360) 709-5472

Notes:
(A) CALTRANS SSP 40-010 “Jointed Plain Concrete Pavement” & SSP 40-025 “Continuous Reinforced Concrete Pavement

B) APEL (AASHTO Product Evaluation List)

(
(C) Standard Special Provision 03211S - Reinforcing Steel and Welded Wire, March 2009
(D) Pavement Dowel Bars
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B. Building Department Approvals

The following building departments have approved the use of MMFX, in various flexural elements (i.e. mat
foundations, shear walls etc.) as noted in their approval documents. (Contact MMFX for copies of approval
letters.) Also the International Code Council (ICC) Subsidiary ICC ES (Evaluation Service) during 2013 published
ICCES Evaluation Report ESR 2107. This report provides guidance to building departments and engineering
firms how MMFX, (ASTM A1035 Gr. 100) high strength bars can be designed into structures thru its references

to the 2012 IBC and ACI 318.

Name of Agency

Approval Date

Comment

City of Long Beach, California

Approved for 100 ksi foundation

Planning and Building Department 03-17-06 systems only
City qf Miami, Florida 09-08-06 Approved for 100 ksi foundation
Building Department systems and superstructures
City of North Bay Village, Florida Approved for 100 ksi foundation
Building & Zoning Department 06-28-06 systems and superstructures
City of Orlando, Florida Approved for 100 ksi foundation
Division of Building Safety 09-18-06 systems and superstructures
City of San Diego, California Project approval 100 ksi foundation
Department of Development Services 05-10-05 systems only
Clark County (Las Vegas), Nevada Approved for 100 ksi foundation
Department of Development Services 03-13-06 systems and superstructures
Miami - Dade County, Florida Approved for 100 ksi foundation
Building Code Compliance Office 08-15-06 systems and superstructures
Sarasota County’ Florida Approved fOI’ 100 kS| foundation
Permitting Services 10-21-05 systems and superstructures
City of Irvine. Californi Approved for 100 ksi foundation
ity of Irvine, California 12-12-06 systems
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ABSTRACT

From 1992 to 2006, the Virginia Transportation Research Council and its contract
researchers conducted a long-term systematic series of investigations to evaluate the corrosion
protection effectiveness of epoxy-coated reinforcement (ECR) and to identify and recommend
the best and most cost-effective corrosion protection system for Virginia bridge decks. This
report summarizes this research and subsequent efforts to implement alternative reinforcement.
The work was conducted, and is reported, in this general order:

e review of historical performance of ECR, ECR performance in solutions and
concrete, and preliminary field investigations

e investigation of field performance of bridge decks built with ECR

e assessment of alternative corrosion protection methods

e development of probabilistic service life models for bridge decks and laboratory
assessment of ECR cores extracted from bridge decks to determine service life
extension

e cfforts to implement alternative reinforcement.

The series of studies demonstrated that the epoxy coating on ECR naturally degrades in
the highly alkaline moist environment within concrete. The subsequent loss of bond, coupled
with the inevitable flaws in the coating induced by construction, leads to an estimated service life
benefit of ECR of as little as 3 to 5 years. Further, non-critical decks, beams, and substructure
elements not exposed to marine environments, particularly on secondary and rural routes, can be
cost-effectively constructed and maintained using low-permeability concrete and black
reinforcing bar. However, because the Federal Highway Administration requires the use of
corrosion-resistant reinforcement, and because ECR cannot provide adequate corrosion
protection for structures designed for a 100-year+ service life as currently recommended by
FHWA, the report recommends that the Virginia Department of Transportation amend its
specifications regarding the use of ECR to require the use of corrosion-resistant metallic
reinforcing bars such as MMFX2, stainless steel clad, and solid stainless steel.
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INTRODUCTION

In the 1960s during the early period of the construction of the U.S. Interstate Highway
System, premature deterioration of reinforced concrete bridge decks in the northern portions of
the United States became evident. The time period of the early bridge deck deterioration
coincided with the institution of the bare pavement policy that resulted in a fourfold increase in
deicing salt application during the winter maintenance months.

In response, the Portland Cement Association, Bureau of Public Roads, presently the
Federal Highway Administration, and state highway organizations conducted several research
projects to identify the cause(s) of the premature deterioration of concrete bridge decks. The
results of these investigations demonstrated that the principal cause of the early deterioration was
corrosion of the reinforcing steel initiated and propagated by winter maintenance deicing salts
containing chloride. Recommendations to decrease the rate of deterioration of reinforced
concrete bridge decks included:

e increasing the clear concrete cover depth

e decreasing the chloride permeability of the concrete by decreasing the maximum
allowable water to cement ratio

e minimizing chloride-laden melt water contact periods by improving deck surface
drainage characteristics.

Subsequent to implementation of these recommendations in the early 1970s, engineering
judgment was that the corrosion deterioration rate of concrete bridge decks was still too high,
even though highway engineers did not know what the rate of deterioration was or the influence





of implemented changes. Additional research studies were conducted to further improve the
corrosion resistant service life of concrete bridge decks. Suggested options included application
of concrete sealers, two-course construction, further increases in clear concrete cover depth and
reduction in the concrete chloride permeability, use of less corrosive deicing agents, concrete
corrosion inhibitor admixtures, and development of metallic and organic coatings for reinforcing
steel.

BACKGROUND

The following presents the background on the development, implementation, and
corrosion-resistance performance of epoxy-coated reinforcement (ECR) prior to the Virginia
Transportation Research Council (VTRC) ECR studies and efforts to implement alternative
reinforcement over the 14-year period from 1992 to 2006.

Development of ECR

The landmark research project on organic coatings for reinforcing steel was initiated in
1972, and the final project reports were issued in February 1974.""* The project was sponsored
by the Federal Highway Administration (FHWA) and conducted by the National Bureau of
Standards (NBS) (now the National Institute of Standards and Technology [NIST]). A total of
47 coatings were tested for coating properties, coated steel characteristics, corrosion resistance,
and bond strength between concrete and coated reinforcing steel. Testing consisted of the
following:

o (Coating properties: chloride permeability and water absorption

o Coated steel: abrasion resistance, hardness, impact resistance, chemical resistance,
bend test, and electrical resistance

e Corrosion resistance: applied voltage
e Bond strength: pullout and creep.

The testing program was used as qualifying criteria for subsequent inclusion of corrosion-
resistance testing of coated reinforcing bar in concrete. Four epoxy coatings were selected as
having the best coating, corrosion resistance, and bond strength properties. It was expressed that,
relative to corrosion resistance of coated bar in a sodium chloride solution, resistance
measurements are probably a more reliable performance indicator than potential measurements,
because resistance values are primarily dependent on the integrity of the coating films.

However, for the four epoxy coatings that were further tested for corrosion resistance in concrete
and further evaluated in experimental bridge decks, the resistance of two were about equal to that
of uncoated bar: one decreased the resistance by 3 orders of magnitude to 1.5 x 10° ohms and
one increased the resistance by 1 order of magnitude to 2 x 10° ohms.





Uncoated (black) and ECR bar using the four selected powders were cast in concrete with
a water-to-cement ratio (w/c) of 0.49 and 25 mm (1 in) of clear concrete cover and partially
submerged in a 3.5 percent solution by weight of sodium chloride. After 145 days, the copper
copper-sulfate (CSE) potentials of the black bar specimens were -180 mV and -207 mV and,
thus, were in the corrosion passive range. Three of the four selected epoxy powders used to coat
the ECR bar and placed in concrete had potentials more negative (more active) than those of the
black bar specimens. No evidence of cracking of the concrete or rust stains was observed on any
of the black bar or ECR concrete specimens. Thus, the corrosion-resistance performance of ECR
in concrete was not confirmed at the end of the research project.

The final report for this landmark study for organic coatings for reinforcing steel
presented no conclusion on the corrosion protection performance of ECR in concrete, nor was
further laboratory testing of the corrosion protection performance of ECR recommended. The
recommendation was for the four selected epoxy coatings to be evaluated in experimental bridge
decks. As stated in the report, these four epoxy coatings were not specifically designed for
coating reinforcing steel, but coatings were expected to become available based on acceptance
criteria.

The results of the landmark NBS (NIST) study were used to develop the Interim
Specifications for Epoxy-Coated Reinforcing Steel.® A special provision for ECR used by
Virginia in an experimental installation for two bridge decks in Carroll County may be

considered typical of early specifications.* The special provision required the following:

e The coating material shall be one of the four same materials and quality evaluated in
the NBS study.

e The bar surface shall be cleaned to white metal and coated before visible oxidation of
the surface occurs.

e Coating material shall be applied as an electrostatic charged dry powder.

e Coating shall be uniform, smooth coat having a film thickness of 178 = 50 um (7 mil
* 2 mil) after cure.

e Coated bars shall be thermally treated to provide a fully cured finished coating.

e (Coating shall be free of holes, voids, contamination, cracks, and damaged areas and
shall have no more than 2 holidays in a linear foot of the coated bar.

e Flexibility of the coating shall be tested, with no visible evidence of cracking of the
coating after bend testing.

e (Coating shall be tested for abrasion loss.

e Bars shall be bundled with padded steel bands or slings for shipping.





e Bars whose coatings are severely damaged shall be rejected.

e Minor damage shall be repaired or patched.

e ECR shall be supported in the bridge deck on plastic or coated wire supports.
e Prior to concrete placement, minor damage areas shall be repaired.

Thus, the NBS recommendations were implemented. Interestingly, the resistance
measurements of coated bar in chloride solution, which were considered a more reliable measure
of corrosion resistance, were not included in the interim specifications or in revised future
specifications. Further historical development of ECR specifications, including those of the
American Society for Testing and Materials (ASTM) and foreign specification authorities, is
presented elsewhere.’

These prescription specifications reflect the state of the practice in the 1970s. The
prescription specifications were based on the hypothesis that a near continuous, intact, epoxy
coating of 178 £ 50 um (7 £ 2 mil) thickness bonded to steel reinforcing bar will provide long-
term corrosion protection in concrete. The use of prescription specifications implies that such a
hypothesis has been tested to a sufficient degree that a plausible or scientifically acceptable
explanation (theory) has been demonstrated. Prescription specifications also imply that the
failure mechanism(s) are sufficiently understood, such that an acceptable level of performance is
reasonably ensured. Unfortunately, in the case of ECR, the corrosion protection performance in
chloride-contaminated concrete was not demonstrated prior to the implementation of ECR in
bridge deck construction. Thus, the corrosion protection performance hypothesis of ECR in
chloride-contaminated concrete remained a hypothesis at implementation.

Implementation of ECR

The first bridge deck with ECR was constructed in 1973, prior to the issue of the NBS
final project report in February 1974. Four spans of the northbound lanes of the bridge carrying
1-476 over the Schuylkill River in West Conshohocken, Pennsylvania, were constructed with
ECR in only the top mat of the deck.®> The four spans of the 15-span structure constructed with
ECR were part of the FHWA National Experimental and Evaluation Program, Project No. 16
(NEEP 16). The epoxy material, coating process, and construction procedures were required to
meet the FHWA Interim ECR Specifications. By 1976, 40 bridge decks had been constructed by
19 state transportation agencies and the District of Columbia under the NEEP 16 Program using
ECR as the top reinforcing mat.

In 1976, Virginia constructed two bridge decks using ECR as the top reinforcing mat in
Carroll County.* By 1979, ECR became a standard bridge deck construction practice in
Virginia. By 1987, at least 41 state departments of transportation (state DOTs) were using ECR
for conventional structural concrete bridge decks as the only corrosion protection method.®





Corrosion Protection Performance of ECR

In 1980, Virmani et al. investigated the corrosion performance of ECR in slabs at a
FHWA outdoor exposure site in Washington, D.C.” The ECR was coated in 1977 and stored
outdoors for 2 years prior to the fabrication of the 12 test slabs with ECR either as the top mat
only or the top and bottom mat. The ECR did not meet the FHWA Interim Specifications,
AASHTO specifications, or ASTM specifications. The ECR had more than 25 holidays/foot (82
holidays/meter) and failed the bend test. The study concluded that it would take 12 times longer
to consume the same amount of steel for ECR top mat only in concrete than for concrete decks
constructed with black bars. For the case where ECR was used in the top and bottom mats, the
predicted ratio was 46 to 1. The conclusions were based on measurements of macro-cell
corrosion currents and electrical continuity between the top and bottom mats.

The implication of the FHWA conclusions was that if non-conformance ECR provided
this level of corrosion protection, ECR that meets specification will provide long-term corrosion
protection of at least 50 years. Standard practice by state DOTs was changed to ECR as the top
and bottom mats as the primary corrosion protection system.

By 1987, there was still insufficient data on the corrosion protection performance of ECR
from field evaluations because most installations were less than 10 years of age.” Simply stated,
chloride had not penetrated to the depth of the reinforcing steel during this relatively short
exposure period. In Virginia, when ECR was adopted as the corrosion protection system, the
maximum allowable w/c ratio was simultaneously reduced to 0.45 from 0.47 and the clear
concrete cover depth was increased so there would be very little to no reinforcing steel with a
clear cover depth of 54 mm (2 in) or less. Clear cover depth specifications for bridge decks
increased from 43 mm (1.69 in) to 63 "/ mm (2.5 "/ in), and contractors received an
additional payment for placing an additional 13 mm ( ’2 in) of concrete.

In 1988, the first reported field corrosion protection failures of ECR were reported by the
Florida DOT.*' Spalling and delamination had taken place on three of four bridge substructures
in the Florida Keys: Long Key, Seven Mile, and Niles Channel bridges. Corrosion damage was
limited to 0.61 to 2.44 m (2 to 8 ft) above mean zero sea level. Clear concrete cover depths
generally averaged 50 to 70 mm (2 to 3 in). The chloride contents exceeded the often-cited
lower conservative limit for black bar of 0.71 kg/m® (1.2 Ib/yd®) by a factor of 1.66 to 19.3. The
fourth bridge, Channel Number 5, had 102 mm (4 in) clear concrete cover with no evidence of
corrosion damage and some structural cracking. ECR samples from Channel Number 5 bents
suggested some degree of epoxy coating debondment. Based on field experience, the Florida
DOT researchers and transportation officials concluded that active corrosion damage occurs in
less time for ECR than for black steel in marine environments, since active corrosion generally
occurs in black steel in 12 to 15 years and ECR corrosion had begun in 7 to 9 years.

As some researchers have stated, the “halo” around ECR had been removed. During the
next 5 years, mixed performance of the corrosion protection performance of ECR in laboratory
and field investigations was reported.” Reasons for the mixed corrosion protection performance
of ECR included limited or inappropriate evaluation methods, which always accompany a lack of
knowledge of the cause(s) of failure, and subjectively defined failure criteria.





In an effort to identify the state of the practice of evaluating the corrosion protection
performance of ECR, a full-day technical session on ECR performance was held at the 1993
Transportation Research Board Meeting in Washington, D.C. It was then recognized that the
question was not whether ECR would corrode, but when ECR would corrode. The Virginia
Department of Transportation (VDOT) personnel who attended the session decided that Virginia
needed to initiate an exploratory research project to determine if Virginia was having, or would
in the future have, a corrosion protection performance problem with ECR.

The following presents the VTRC research project results, the conclusions drawn, and
efforts to implement alternative reinforcement over the subsequent 14-year period from 1992 to
2006.

PURPOSE AND SCOPE

During the period from 1992 through 2003, VTRC conducted a series of investigations of
the corrosion resistance performance of ECR to assess its cost-effectiveness in preventing
corrosion of reinforced concrete bridge elements. The objective of this report is to present a
summary of this research and subsequent efforts to implement alternative reinforcement. The
research is presented herein as four separate but interrelated projects and a subsequent section on
efforts to implement alternative reinforcement. The following is generally the order in which the
work was concluded:

e review of historical performance of ECR, ECR performance in solutions and
concrete, and preliminary field investigations''™*

e investigation of field performance of bridge decks built with ECR"

. . . 16.1
e assessment of alternative corrosion protection methods'®"”

e development of probabilistic service life models for bridge decks and laboratory
assessment of ECR cores extracted from bridge decks to determine service life
extension'™®"’

e cfforts to implement alternative reinforcement.

These studies illustrate the systematic, long-term investigation conducted by VTRC to
evaluate the corrosion protection effectiveness of ECR and to identify and recommend the best
corrosion protection system for Virginia bridges, particularly decks.





HISTORICAL PERFORMANCE REVIEW OF ECR, ECR PERFORMANCE
IN SOLUTIONS AND CONCRETE, AND PRELIMINARY FIELD INVESTIGATIONS

Historical Performance Review 1974-93

The historical performance review of ECR sponsored by VTRC addressed the available
structural and corrosion protection assessments and the laboratory and field studies completed to
date. The review also included transcription of the technical sessions on ECR held at the 1993
TRB Annual Meeting.'" The review built upon the previous NCHRP 10-37B literature review.’

Performance in Solutions and Concrete
In Solutions

ECR samples representing three coaters, Florida Steel (FS), Free State Coaters (FSC),
and Lane Enterprises (LNE), that supplied VDOT projects were collected. The sampling
procedure for straight No. 5 bars consisted of unannounced sampling visits to three construction
sites.'” The bars were stored outside for a total of 30 days, which included storage at the
construction site and outside the laboratory, and then were stored in the laboratory under black
plastic sheeting to minimize further UV light damage. Thus, the ECR bars reflected a typical
natural environment, transportation to a job site, and handling at a job site. Black bar was also
sampled from a single heat at Resco Steel, a bar manufacturing steel mill in Roanoke, Virginia.
Subsequent investigation showed that all three coating plants had participated in and passed the
Concrete Reinforcing Steel Institute’s industry coating quality control inspection program.

ECRs were cut into 152-mm (6-in) specimens. Coating thickness, damage visible to the
unaided eye, cracks, holes, mashed areas, scrapes, dented areas, number of holidays, and
adhesion were measured. The ECR specimens were separated into two groups: 0 and 1 percent
surface area damage. Plastic caps were attached to the cut ends to protect against corrosion
during the immersion testing. Black and ECR specimens were preconditioned in a simulated
concrete pore water solution at 40°C (104°F) for 7 days prior to the addition of sodium chloride.
Sodium chloride was added to the simulated pore water solution for both black and ECR bars at
concentrations equivalent to 0.00 (control), 0.73, 1.47, 2.93 and 5.86 kg/m3 (1.2,2.4,4.8,and 9.6
Ib/yd?) of concrete. Immersion solutions were saturated with either oxygen or breathing air after
addition of the sodium chloride and weekly throughout the 90-day test period. Specimens were
visually examined after 4 weeks and every 2 weeks thereafter. Chloride, hydroxide, and pH
were measured throughout the test period.

The results of the investigation were:

e The coating thickness between the ribs averaged 280, 180, and 150 p (11.0, 7.0, and
5.9 mil) for the FS, FSC, and LNE coaters, respectively. Thus, the coating thickness

between the ribs was less than the specified range of 175 to 300 um (7 to 11 mil) for
coater LNE.





e The average number of holidays per 152-mm section was 0.22, 0.19, and 10 for FS,
FSC, and LNE, respectively. Thus, LNE coater did not meet the holiday specification
of a maximum of 2 per 305 mm (2 per foot).

e Adhesion loss occurred during the immersion testing, even with those specimens in
solutions that did not contain sodium chloride. Adhesion values increased from 1 to 3
for FS, 1 to 3 for FSC, and 2 to 5 for LNE. Thus, adhesion loss was greater for the
LNE coater, which did not meet thickness and holiday specifications.

e Average corroded area was 0.13 percent for FS, 0.17 percent for FSC, and 0.77
percent for LNE of the surface area, respectively. The average percent surface
corrosion for black steel specimens was 2.96 percent of the surface area.

e Black bar corrosion was typically pitting corrosion, whereas corrosion for ECR was
more uniform underfilm corrosion. Thus, the ECR corroded area was 23 to 3.8 times
greater than that for black steel.

In Concrete

The three field-sampled ECR No. 5 bars, coaters FS, FSC, and LNE, were cast into large,
0.76-m’ (1-yd®) inverted U-shaped specimens."” Four exposure conditions were represented: a
bridge deck (horizontal section), vertical surfaces (column), marine tidal zone, and submersion
zone (legs of the inverted U-shaped specimens). The four conditions included wet salt solution
and dry cycles. The concrete mixture w/c was 0.45, and the clear cover depth was 25 mm (1 in).
Specimens were exposed to either a 3 or 6 percent by weight sodium chloride solution weekly
for 2 years. A control specimen using black steel was also cast and exposed to a 6 percent
sodium chloride solution. The chloride content at a depth of 25 mm (1 in) of the 0.45 w/c
mixture exceed 0.73 kg/m’® (1.2 Ib/yd”) after 1 year and 1.5 years for the 6 and 3 percent chloride
solutions, respectively. After 2 years, a conclusion that is typical for the laboratory testing of
new ECR in concrete was reached: “The ECR specimens performed significantly better than the
controls (black bar) in the relative short laboratory exposure period even though one of the three
ECR samples did not meet specifications.”

Preliminary Field Investigation

Because coating damage, thickness, and adhesion may influence the corrosion protection
performance of ECR and the difference that may exist between laboratory testing of new ECR
and the long-term field exposure of field ECR, a preliminary field investigation was conducted.
The objective was to determine if Virginia was experiencing conditions similar to those of other
field investigations in northern deicing salt and marine exposures.'* The following summarizes
the results of the preliminary field investigation of three structures in marine and deicing salt
environments.





Marine Structures

Two of the structures were 7 years old and one was 6 years old at the time of the
investigation in 1996. A total of 23 cores, each containing a No. 3 smooth ECR bar, were
evaluated. The cores were taken on a straight section of square prestressed piles between high
and low tide elevations. Virginia uses a dual corrosion protection system for marine piles: epoxy
coating of the concrete surface and ECR for tie bars. All but one of the pile concrete surfaces
were coated with epoxy. The piles were in brackish water with a percent chloride content of
0.87, 1.06, and 1.54. There were no surface cracks in any of the cores; the carbonation depth
was essentially zero; the clear cover depth for the three structures ranged from 48 to 66 mm (1.9
to 2.6 in); and the concrete percent saturation ranged between 83 to 89 percent.

e Coating thickness specifications for the ECR were 127 to 229 p (5 to 9 mil). The
measured coating thicknesses, as an average thickness per bar, were somewhat
variable, with 2 less than 127 p (5 mil), 15 between 127 and 229 p (5 to 9 mil), and 6
greater than 229 p (9 mil).

e Two ECR bars showed damage and exceeded the damage specification limits because
of incomplete coating. Corrosion was visible on one of these bars and most likely
occurred prior to the concrete casting because the chloride content in the concrete
ECR bar trace was 0.20 kg/m’ (0.33 Ib/yd’), which is the concrete background
content.

e Only two cores had a chloride content in the ECR bar trace greater than 0.72 kg/m’
(1.2 Ib/yd®): 1.19 and 2.18 kg/m’ (2.0 and 3.6 Ib/yd’). The highest chloride content in
the bar trace was for the core taken on the pile without a concrete surface epoxy
coating. The chloride content of the remaining 21 cores in the bar trace was about
equal to the concrete background content for this concrete type.

e The holiday counts for the 23 ECR sections (53 mm, 2.0 in) were 0 for 15 ECR, 1 for
2 ECR, 2 for 1 ECR, and continuous for 5 ECR . A 53-mm section with 1 or more
holidays exceeded the holiday specification maximum of 2 per 305 mm (12 in).

Thus, 8 ECR sections, or 35 percent, exceeded the holiday specification.

e Adhesion values were 5 for 11 ECR, 4 for 1 ECR, 3 for 2 ECR, 2 for 2 ECR, and 1
for 3 ECR sections. Thus, adhesion loss is occurring without the presence of
chloride. The adhesion loss is classified as wet adhesion loss in wet environments
(moist concrete) where the adhesion of epoxy to steel will occur spontaneously.

e Corrosion products were visually observed under the epoxy coating for 10, or 43
percent, of the 23 ECR sections. Thus, the steel bar appears to be oxidizing under the
epoxy coating without the presence of chloride.





Bridge Decks

Three bridge decks that receive about 25 deicing salt applications per winter were
evaluated. The decks were built in 1979 with a top mat of ECR and were 17 years old at the time
of the investigation. A total of 36 cores, 12 from each bridge deck, were drilled through a No. 5
ECR reinforcing bar. The cores were 100 mm (4.0 in) diameter and were taken randomly within
the area of the deck that exhibited the 12th percentile least clear concrete cover depth. The
random coring procedure encountered two delaminated areas, both in the same deck. The
concrete percent saturation for the three decks was relatively uniform, varying between 83.2 and
84.0 percent. The percent concrete moisture content and percent saturation for the deck and pile
concrete were similar. Fifteen of the 36 cores had surface cracks, the majority being transverse
cracks generally oriented over the reinforcing bars. Of these, 14 were less than 0.300 mm (0.012
in) wide at the surface, one was 0.504 mm (0.020 in) wide, and the remaining cracks were in the
middle of this range. The presence of surface cracking appeared not to influence the chloride
content of the bar trace, as the chloride in the bar trace was about equal to the chloride content at
the same depth but 50 mm (2.0 in) away from the bar trace. None of the concrete bar traces was
carbonated. The clear concrete cover depth ranged from 46 to 66 mm, 66 to 76 mm, and 46 to
66 mm (1.8 to 2.6 in, 2.6 to 3.0 in, and 1.8 to 2.6 in) for the 12 cores taken from the area with the
12th percentile of the smallest clear cover depth for the three decks.

e Coating thicknesses, as an average thickness between ribs, were slightly variable: 4
were less than the specified minimum 127 p (5 mil), 28 were within the 127 to 229 n
(5 to 9 mil) thickness requirement, and 4 were greater than the specified maximum of
229 p (9 mil).

e The number of holes in the epoxy coating was low: 25 had 0 holes, 8 between 0.1 and
0.5 percent of the surface area, and 3 greater than 0.5 percent of the surface area.

e Total percent damage, i.e., the sum of the mashed areas, dents, scrapes and holes, of
the epoxy coating surface was also relatively low: 17 at 0, 8 between 0.10 and 0.50
percent of surface area, 6 between 0.60 and 1.0 percent of surface area, and 5 greater
than 1.0 percent of surface area.

e FEight ECR had an adhesion value of 5, 11 had 4, 6 had 3, 10 had 2, and 1 had 1.
Thus, 35 of the 36 ECR specimens appear to have lost adhesion. Of the 25 ECR
specimens with an adhesion value of 3 or greater, no corrosion was observed under
the coating for 14 ECR specimens.

e Holidays were continuous for 24 of the 36 ECR specimens, 5 specimens had between
10 and 22 holidays, and 7 had between 3 and 9 holidays. Thus, none of the ECR bar
sections was less than the holiday specification of 2 per 305 mm (2 per foot).

e Concrete chloride contents in the ECR bar trace exceeded 0.72 kg/m’® (1.2 Ib/yd’) in

18 of the 36 cores. All 12 chloride contents of the bridge deck that included two
delaminated areas were greater than 0.72 kg/m® (1.2 Ib/yd®) and ranged between 1.12
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and 6.56 kg/m’ (1.74 and 10.9 Ib/yd®). The two delaminated area chloride contents
were 4.95 and 6.56 kg/m’ (8.25 and 10.9 Ib/yd?).

e Ofthe 36 ECR specimens, 11 exhibited corrosion under the epoxy coating, 9 of
which had chloride contents in the bar trace greater than 0.72 kg/m® (1.2 Ib/yd?).
Eight of the 25 ECR specimens that did not exhibit corrosion under the epoxy coating
had chloride contents in the ECR trace greater than 0.72 kg/m® (1.2 Ib/yd?).

INVESTIGATION OF FIELD PERFORMANCE OF BRIDGE DECKS BUILT
WITH ECR

Overview
The results of the previous study created two questions that VDOT wished to address:

1. What is the extent of the ECR conditions identified in the preliminary study,
including coating adhesion loss and corrosion under coatings, within Virginia
bridges?

2. What other corrosion protection system(s) would perform better than ECR in
Virginia?

The following presents the results of the two research projects that were initiated in 1997
to address these two questions.

Field Condition of ECR in Bridge Decks

Because Virginia uses a dual corrosion protection system, consisting of a protective
epoxy coating on the concrete exterior and epoxy-coated reinforcement within, for piles in
marine environments and because of the demonstrated effectiveness of the concrete epoxy
surface coating in limiting chloride ingress, further research efforts were limited to bridge decks.

Two survey bridge decks were selected from each of the nine VDOT districts."” The
decks were built between 1977 and 1995. Two decks also represented each age group of 20, 16,
14,12, 10, 9, 6, and 4 years old. In addition, two decks were selected for the 1995 construction
period that represented the most recent change in ECR coating thickness specifications. The
1995 decks were 2 years old when the field surveys were completed. In general, 12 cores were
drilled through top mat ECR No. 5 reinforcing bars and 3 cores through bottom mat ECR No. 5
reinforcing truss bars. Thus, approximately 30 ECR cores represented each age of 20 to 2 years.
The ECR specimens extracted from the cores were approximately equal to the core 100 mm (4.0
in) diameter. A total of 256 cores were obtained, 206 from the top mat and 50 from the bottom
mat. It needs to be pointed out that alternate deck reinforcing bars are truss bars; thus, when
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ECR was used in the top mat only, one of every two bottom mat reinforcing bars in the trough
region of the truss was an ECR bar, alternating sequentially.

The laboratory assessment of the deck concrete included rapid permeability, chloride
content at a depth of 13 mm (1/2 in), and moisture content and percent saturation. A condition
assessment of the ECR sections included coating damage, holes in the coating, holidays, coating
thickness, and adhesion. The following presents the concrete and ECR evaluation results.

Concrete

The evaluation of the concrete yielded the following results:

Average rapid permeability for the 18 bridge decks ranged between very low to
moderate: 8 very low, 6 low, and 4 moderate. The highest average charge passed in
Coulombs (hereafter “Coulomb value’) was 2600 (moderate).

Average chloride content at a depth of 13 mm (1/2 in) ranged between 0.74 and 5.77
kg/m® (1.2 to 6.7 Ib/yd?), with an average of 2.2 kg/m® (3.7 Ib/yd®). Average chloride
at a depth of 13 mm (1/2 in) was less than 1.0 kg/m’ (1.7 Ib/yd”’) for 4 decks, between
1.0 and 3.0 kg/m’ (1.7 and 5.0 Ib/yd®) for 10 decks, and greater than 3.0 kg/m’® (5.0
Ib/yd?) for 4 decks.

Concrete moisture content at the depth of the top ECR ranged between 4.2 and 5.5
percent, and percent saturation ranged between 73 and 90 percent.

ECR Sections

The evaluation of the ECR sections yielded the following results:

The percent surface damage of the coating was the sum total of the areas with
mashed, dented, and scraped spots and cracks, and blisters. The average percent
damage ranged between 0.05 and 0.3 percent for the top ECR sections: 16 were less
than 0.1 percent, 1 was 0.14 percent, and 1 was 0.3 percent. The bottom ECR
sections had similar epoxy-coating surface damage; the range of the averages was
0.02 to 0.2 percent.

The number of holes in the epoxy coating of the ECR top sections was 0 for 16 decks
and 0.07 and 0.34 per meter (0.02 and 0.10 per foot) for the other 2 decks. For the
bottom ECR sections, only 1 ECR deck set of sections had holes in the epoxy coating,
1.09 holes per meter (0.33 per foot).

The average coating thickness for the 41 top ECR sections for the 14 decks built
before 1995 complied with coating thickness specifications of 127 to 229 u (5to 9
mil); the average coating thickness for 2 decks was greater than 229 p. The 2 decks
built in 1995 had average ECR sections taken from the top mat of reinforcement that
ranged between the new specifications of 178 to 305 p (7 to 12 mil). The average

12





top ECR coating thickness for these 2 decks was 225 and 230 p (8.8 and 9.0 mil).
The bottom ECR section thickness was approximately the same.

e The thickness for the adhesion-tested top ECR sections ranged from 140 to 240 p (5.5
to 10.2 mil). The average adhesion for the top ECR sections ranged between 1 and
4.5: 7 were greater than 3, 2 were between 3 and 2, 8 were between 2 and 1, and 1
was 1. The bottom ECR sections were associated with similar adhesion results.

ASSESSMENT OF ALTERNATIVE CORROSION PROTECTION METHODS
Systems Evaluated

The corrosion protection systems evaluated included low-permeability concretes, fly ash,
ground-granulated blast furnace slag and microsilica mixtures, microsilica plus calcium nitrite
corrosion inhibitor, and three corrosion inhibitors in a bridge deck portland cement mixture.'®!”
The large U-shaped specimens and exposure conditions used in this study were the same as in
the previous ECR corrosion protection laboratory study of three Virginia coaters."

Results demonstrated that bridge decks built with black steel and low-permeability
concrete or black steel, low-permeability concrete, and the calcium nitrite corrosion inhibitor
would not have to be overlaid within a 75-year design life. The results were demonstrated using
a clear concrete cover depth of 50 mm (2.0 in), surface chloride content of 4.05 kg/m3 (6.8
Ib/yd?), corrosion initiation concentration of 0.89 kg/m’® (1.5 1b/yd?), and chloride diffusion
constant of 7.7 mm?/yr (0.01 in*/yr).

Cost-Effectiveness
Cost-effectiveness was based on a 75-year service life, 5 percent interest rate, and VDOT
construction bid prices."” Table 1 presents the life cycle present value (1999) per unit surface

area for five bridge deck systems.

The question that remained, because there had been no definitive study of field
performance, was: What is the service life extension provided by ECR in Virginia?

Table 1. Cost Comparison of Alternative Corrosion Protection Systems

Total Cost

System $/m?* ($/ft%)
Black steel + PCC 128.25 (11.93)
ECR + PCC; 10 yr additional 128.90 (11.99)
20 yr additional 127.06 (11.82)
25 yr additional 126.42 (11.76)
Black steel + LPC 120.18 (11.18)
Black steel + PCC + CI 121.80 (11.33)
Black steel + LPC + CI 124.16 (11.55)
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To address properly the question of the use of ECR or any other corrosion abatement
system, the following must be addressed:

e expansion of deterministic corrosion models that include the initiation and corrosion
periods to include the variability of the input parameters for a bridge deck or bridge
system

¢ identification of the percentage and location of decks that require a corrosion
protection system and what system is required must be identified.

DEVELOPMENT OF PROBABILISTIC SERVICE LIFE MODELS FOR BRIDGE
DECKS AND LABORATORY ASSESSMENT OF ECR CORES EXTRACTED FROM
BRIDGE DECKS TO DETERMINE SERVICE LIFE EXTENSION

Probabilistic Service Life Models

Corrosion life models are typically separated into two distinct, additive stages: time to
initiate corrosion and time from corrosion initiation to cracking and spalling of the cover
concrete. The project concentrated on the initiation phase because this is typically the longest
time period and the active corrosion period may be simply added to the initiation time period. '®
The initiation time period variables are corrosion initiation concentration, surface chloride
content, apparent chloride diffusion constant, and clear concrete cover depth.

Two approaches may be used in developing a statistically based model, depending on
whether the probability density functions are known or are not fully developed: the parametric
bootstrap method, where each variable is described by a continuous probability density function
and sample values are generated at random using the function, or the simple bootstrap method,
where individual values are selected from a finite group of measured values. It was known based
on field data that the cover depth distribution is normally distributed and the surface chloride and
apparent diffusion constant may be gamma distributions; little was known of the functional
relationship for the corrosion initiation concentration distribution. Thus, Monte Carlo simulation
was used as the computational tool because the iterative sampling and calculation procedure does
not require a definitive knowledge of the probability density functions.

A computer program was developed using Monte Carlo simulation. The number of
iterations was determined to minimize the computation error. Using field-collected data for the
cover depth, surface chloride content, and apparent diffusion constant from 10 Virginia bridge
decks that were distributed geographically and thus representative of chloride exposure
conditions and corrosion initiation values, a probabilistic corrosion service life distribution for
Virginia was developed. The field data compiled from the 10 bridge decks represented decks
built between 1981 and 1995. These decks are representative of the population of decks built
under the VDOT specification of a maximum w/c = 0.45 and a cover depth of 63 mm minus
zero, plus 13 mm (2.5 in minus 0.0 in, plus 0.5 in). The statistically based computational model
was then validated through comparison with the performance of a random sample of 128 bridge
decks built between 1968 and 1972.
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Subsequent analysis determined that less than 25 percent of all bridge decks built since
the advent of ECR in 1979 and the simultaneous reduction of the maximum allowable w/c to
0.45 from 0.47 and the increase in clear concrete cover depth from 43 mm (1.69 in) to 63 mm
(2.5 in) minus zero, plus 13 mm (0.5 in) [2.5 to 3.0 in] regardless of reinforcing bar type (black,
ECR, galvanized) would need to be rehabilitated within 75 years.'® In addition, critical chloride
deicing salts zones were identified based on the deicing salt usage in Virginia for the three winter
seasons of 2001, 2002, and 2003. The critical regions are the VDOT districts of Northern
Virginia, Staunton, and Culpeper. Decisions for specific bridge locations are easily determined
by measuring the chloride content at 12 to 15 locations in the two wheelpaths of the most
traveled lane. The surface chloride contents serve as the input data to determine time-to-repair
and rehabilitation for select corrosion protection systems.

Laboratory Assessment of ECR Cores Extracted From Bridge Decks
to Determine Service Life Extension

The objectives of the research project were five fold: estimate the corrosion protection
service life of ECR; identify factors influencing ECR performance; determine the influence of
cracks on corrosion protection service life; determine the cost-effectiveness of corrosion
protection nlqgethods; and make recommendations on the selection of corrosion protection systems
in Virginia.

Selection of Study Bridge Decks and Coring

Ten bridge decks were selected for inclusion in the study. Eight were built with ECR,
and two with black steel. The ECR decks were built between 1981 and 1995 and simultaneously
met the representative characteristics of in-place residual adhesion of 1, 2, 3, and 4; surface
chloride contents of about 1 to 6 kg/m® (1.7 to 10 Ib/yd?); and the geographic distribution that
included multiple coater marketing areas. The two black steel decks were built in 1983-84 using
the same concrete and cover depth specifications as were used with the ECR decks. Cores
drilled through a single No. 5 ECR reinforcing bar were taken adjacent to cores taken in the
previous ECR study.'® In general, 12 cores were taken adjacent to previous core locations at
areas with surfaces that were not cracked, and 3 cores over surface crack locations. A total of
141 drilled cores, 113 ECR and 30 black steel, were obtained and used in the corrosion service
life study. The cores were 102 mm (4.0 in) in diameter and about 127 to 152 mm (5 to 6 in) in
length.

The top section of each core was removed by dry cutting, resulting in a uniform concrete
cover above the reinforcing bar, ECR and black steel, of 13 mm (0.5 in). Following additional
preparation, cores were ponded with a 3 percent by weight sodium chloride solution. The
weekly ponding cycle was 2 days ponding followed by 3 to 5 days drying under laboratory
conditions. Electrochemical impedance spectroscopy (EIS) was used to assess the corrosion
activity or lack of it immediately after the fourth week ponding cycle. Simultaneous shifts in
corrosion potential, impedance at 1 mHz, and phase angle identified the initiation of corrosion.
The end of the time-to-cracking (propagation) period, from corrosion initiation to visual
evidence of a surface crack above the reinforcing bar, was also determined. Following the end of
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the time-to-cracking period, the cores were destructively examined (autopsied) to determine the
corroded condition of the bar and chloride content above and at the corroded bar sites. Chloride
contents at corrosion initiation were back-calculated using a solution of one-dimensional
diffusion through a semi-infinite medium, according to Fick’s Second Law.

Figures 1 and 2 present the percent probability curves for the initiation and time-to-
cracking periods. As shown, all the black steel was corroding after about 10 months. After 36
months, 70 percent of the ECR specimens were corroding. Fifty percent of the black bars were
corroding after 2 months, and 50 percent of the ECR specimens were corroding after 14 months.
However, corrosion initiated in a small percentage of the ECR specimens prior to initiation in
any of the black bar specimens. The mean chloride content for the ECR specimens was greater
than that for the black bar at corrosion initiation, 4.63 and 2.94 kg/m’ (7.7 and 4.9 Ib/yd®),
respectively. However, because of the larger variability in the chloride corrosion initiation
values for both the ECR and black bars, statistically there appears to be no difference.

As shown in Figure 2, black steel specimens cracked prior to any of ECR specimens. At
the end of the 36-month study, 26 percent of the ECR specimens had cracked whereas all but 1
of the black steel specimens had cracked in about 22 months. At the beginning of the observed
cracking, the difference was about 4 months but increased to about 16 months at the 25th
percentile level. Of interest is the 12th percentile level, the deterioration level when bridge decks
are overlaid.”' The difference at the 12th percentile level is about 12 months. The mean
chloride content at cracking was 7.37 and 9.52 kg/m’ (12.3 and 15.9 Ib/yd?) for black and ECR
specimens, respectively. However, again because of the large variability of the chloride
concentrations for both black and ECR specimens at cracking, it was not possible to state that
there was a significant difference between the two groups.

Because of the nature of accelerated laboratory ponding tests, further analysis was
warranted to relate to field performance. An effort was made to compare the corrosion
propagation phase of the two reinforcing materials based on a relationship developed by Torres-
Acosta and Sagues.”® The method relates the propagation period, tp, to a critical depth of
corrosion penetration to cause cracking, xcrir, and to the rate of corrosion, C.R., as expressed in
Equation 1. The critical depth of corrosion penetration is a function of the length of bar along
which the corrosion is concentrated, as well as the clear cover depth and the bar diameter.

tp = Xerit / C.R. [Eq. 1]

A prior analysis using this methodology inadvertently employed an equation referenced
from a publication containing a misprint, giving potentially misleading results.'” The analysis
was revised using the appropriate equation, and results follow.

When the observed average degree of surface area corroded at the time of cracking for
the two bar types was used, 25 percent for black and 80 percent for ECR, the average corrosion

rate for black steel appeared to be approximately twice that of ECR, as shown in Table 2.

Since the laboratory studies were confined to single bars of 4-in length, it is not possible
to forecast the relative surface areas directly that would corrode (indicating degree of corrosion
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localization) in the field for longer segments of the two bar types. However, if the surface area
corroded at the time of cracking is assumed to be the same for both types, the depth of
penetration is not the critical factor, and the expected corrosion propagation time extension can
be estimated to range from 2.7 to 5.7 additional years for ECR beyond that expected for bare
steel, with an average of the shallowest 20th percentile depths of about 4 years additional
service, as shown in Table 3.
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Figure 1. Comparison of Time to Initiation under Laboratory Exposure."”
Note: The experimental data for the period 1.94 to 3.06 years were provided by M.C. Wheeler. 20
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Figure 2. Comparison of Time to Cracking under Laboratory Exposure"
Note: The experimental data for the period 1.94 to 3.06 years were provided by M.C. Wheeler. *°
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Table 2. Corrosion Rate Comparison from Laboratory Tests

Bar Diameter | Lgare | Licr | XeritearE) | Xeritgcr) | tpBare) | tpecr) | CRearr) | CREcr) | CR Ratio
(mm) | mm) [ @m) | (mm) | @mm) | Gr) | G0 | Guiyr) | i) | PR

16 25 80 0.019 0.012 0.35 0.49 54.3 23.9 2.27

16 25 80 0.019 0.012 0.46 0.50 41.3 234 1.76

16 25 80 0.019 0.012 0.58 0.67 32.7 17.5 1.87

16 25 80 0.019 0.012 0.58 0.68 32.7 17.2 1.90

16 25 80 0.019 0.012 0.61 0.85 31.1 13.8 2.26

Average 2.01

Table 3. Propagation Times Under Field Corrosion

Bar ECR Time
Diameter | Lgare | Lecr | Xerie@are) | Xeritecr) | tpare) | tpecr) |  Extension
(mm) (mm) | (mm) | (mm) (mm) (yr) (yr) (yr)
16 100 100 0.065 0.065 3.00 6.81 3.81
16 100 100 0.071 0.071 3.50 6.16 2.66
16 100 100 0.081 0.081 4.00 7.49 3.49
16 100 100 0.083 0.083 4.00 7.60 3.60
16 100 100 0.088 0.088 4.50 10.16 5.66
Average 3.80 7.64 3.84

The assessment is an estimate based on currently available information. The expected
service life extension may vary depending on the actual values of L, for which there is
inadequate evidence at present. In addition, a number of potential issues may influence the
estimation of critical corrosion penetration depth. For example, the presence of the coating may
introduce physical factors that may influence the relationship between degree of localization
(corroded length) and critical penetration depth. Concrete is known not to bond as well to the
epoxy coating as to bare steel, and this may influence the transition zone between the bar and the
cement paste, changing the volume that must be filled by corrosion product before expansive
pressures can develop. Conversely, the presence of the coating may confine corrosion products,
where bare steel may permit some corrosion product to migrate into the void structure of the
cement paste, also influencing the development of expansive pressures.

Influence of Cracks

Crack surveys of 3,346 m” (10,978 ft’) resulted in a unit crack frequency of 0.23 m/m*
(0.12 ft/ft*). Eighty-seven percent were longitudinal cracks, and 13 percent were
transverse/diagonal cracks. In addition, 87 percent of the measured surface crack width was less
than or equal to 0.30 mm (0.012 in), and 13 percent was greater 0.30 mm (0.012 in).

Although 30 field cores were drilled through visual surface cracks over an ECR bar,
subsequent laboratory assessment of all the cores demonstrated that 40 cores contained surface
cracks. Crack widths of the cores ranged from 0.07 to 0.33 mm (0.003 to 0.013 in). Only 2.5
percent of the cores had a surface crack greater than 0.30 mm (0.012 in). Crack depths ranged
from 3 to 162 mm (0.12 to 6.4 in), with 12.5 percent of the cracks penetrating to at least the
depth of the reinforcing steel. Analysis of the chloride contents in the cracked and uncracked
cores demonstrated that the chloride content at 19 mm (0.75 in) above the bar showed that the
cracks influenced (increased) the chloride content at 19 mm above the bar 61 percent of the time.
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For a worst-case scenario, crack frequency of 0.38 m/m? (0.12 ft/ft), crack-corrosion
influence zone of 130 mm (5.12 in), and 61 percent of the cracks increasing the chloride content
at the bar depth, the resulting deck area affected is projected at 3.0 percent.

Factors Influencing ECR Performance

An effort was made to identify the differences among the three groups of ECR specimens
that existed within the 36-month ponding period, corrosion initiated and cracked (CR), corrosion
initiated not cracked (CI), and corrosion not initiated (CNI). After 22 months of ponding, 17
ECR were randomly selected from the two CI and CNI groups. EIS measurements indicated that
corrosion had not initiated in 9 of the 17; visual observations of the ECR specimens verified that
no corrosion was present on these ECR specimens. Chloride initiation concentrations were
investigated by considering direct and interactive relationships to various coating and concrete
parameters. Coating parameters considered were holidays, percent surface damage, and
thickness. Concrete parameters included absorption and degree saturation prior to the first
ponding cycle, apparent field diffusion constants, and the original core clear concrete cover
depth. No reliable relationships were found. Of interest is that the percent damage to the coating
or number of holidays could not be correlated within this small subset of cores. This may have
been the result of the low percent of damage, averaging 0.2 percent, and the number of holidays,
averaging less than 2 per meter (0.6 per foot)."*

After 36 months, additional cores were analyzed to assess the concrete and coating
parameters that correlated with corrosion of ECR. Additional testing was conducted on a total of
22 ECR specimens: 3 CNI, 3 CI, and 16 CR. Additional concrete parameters and coating
parameters after ponding were evaluated. Concrete parameters included were moisture content
and degree of saturation of the concrete during treatment. Additional coating parameters
included moisture content, glass transition temperatures, and degree of micro-cracking.* Micro-
cracking in the coating was observed under the scanning electron microscope (SEM) and rated
visually on a scale of 1 to 4, with 1 indicating no observed cracking and 4 indicating severe map
cracking. Figure 3, from a related study, illustrates the most severe of the four degrees of micro-
cracking observed, and Figure 4 illustrates the width of observed cracks, which were about 4
orders of magnitude greater than a water or chloride molecule, suggesting that chloride could
enter and partially or completely breach the epoxy coating.'***** Cracks were observed in 59
percent of the ECR specimens: 27, 18, and 14 percent for ratings 2, 3, and 4, respectively. The
moisture content of the epoxy coating, as presented in Figure 5, ranged between 0.38 and 1.39
percent, with a mean of 0.81 percent, which would be considered typical for epoxy.'**’
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Sample 10pm EHT=2000kv WD= 13mm Signal A=SE2
. Photo Mo. = 4221 Mag= 100Kx  Date :15 Jul 2002

Figure 3. Observed Cracks in Coating under SEM: Visual Rating = 4 (2000x) **

1pm EHT = 5.00 kV WD= 13mm Signal A=SE2
SampleS H R Mag= 500Kx  Date 115 Jul 2002

Figure 4. SEM Photomicrograph of Surface Crack in Epoxy Coating (5000x) **
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The epoxy coating glass transition temperature was measured in two states: as removed
from the concrete core and after the coating was fully cured. The as-removed and fully cured
glass transition temperatures ranged from 64.54°C to 102.5 °C, and 90.9 °C to 116.5 °C,
respectively. The change in glass transition temperature (the difference between glass transition
temperature after full curing versus glass transition temperature as-removed from the concrete
core) ranged from as little as 5.86 °C to as much as 50.0 °C.""*" The results indicate that
production line ECR being placed in bridge decks in Virginia is not fully cured.'**

Statistical analysis revealed no reliable relationship, direct or interrelated, between the
corrosion initiation and corrosion propagation period and concrete and coating parameters.
However, moderate relationships were demonstrated between the epoxy coating moisture content
and change in glass transition temperature, crack rating and change in glass transition
temperature, and crack rating and epoxy coating moisture content. Moisture content was found
to increase with increasing change in glass transition temperature, which is in agreement with the
principle that the lower the degree of curing, the more open the epoxy matrix and the more water
the coating may absorb. The severity of cracking in the epoxy coating increases with increasing
change in epoxy coating glass transition temperature. The observation is in agreement with the
concept that a lower degree of curing results in lower strength of the epoxy; thus, the more prone
the coating would be to cracking as a result of volume changes after manufacturing. As can be
observed for crack ratings 2, 3, and 4 in Figure 5, a weak relationship exists where as the severity
of surface cracking of the epoxy coating increases, the coating moisture content increases,

suggesting that a more open epoxy matrix is more prone to cracking and ingress of moisture.'**’
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EFFORTS TO IMPLEMENT ALTERNATIVE REINFORCEMENT
Meeting with the Federal Highway Administration

A meeting of staff from FHWA, VDOT’s Structure & Bridge Division, and VTRC was
held at VTRC on December 8, 2005. The objective of the meeting was to identify alternatives to
ECR that VDOT could use in FHWA-funded construction and to develop plans to phase out
VDOT’s use of ECR.

Discussions indicated that approximately 13 years of research by VTRC had found that a
number of deck protection systems were more cost-effective than ECR. These systems included
uncoated, MMFX2, stainless steel clad, and solid stainless steel reinforcement. FHWA indicated
that to receive funding for structures, VDOT is required to specify and use a concrete protection
system and a reinforcement protection system. Low-permeability concrete and 2.5 in of concrete
cover qualifies as a concrete protection system. Epoxy-coated, MMFX2, stainless steel clad, and
solid stainless steel reinforcement qualify as reinforcement protection systems. FHWA indicated
that for applications in which ECR is specified in Section 8.22.6 of the November 2004 edition
of the VDOT Modification, Highway Bridges of the AASHTO Design Standards; epoxy-coated,
MMFX2, stainless steel clad, and solid stainless steel reinforcement may be used. 2 Uncoated
plain bar will continue to be used in structural elements in non- corrosive environments where it
has been approved for use in the past in accordance with Section 8.22.

Discussions further indicated that of the alternatives, the initial cost of MMFX2 is most
likely to be competitive with that of ECR. Consequently, MMFX2 will be specified for the
typical applications where ECR has been used in the past, but contractors can also bid and use
stainless steel clad and solid stainless steel with the approval of the bridge engineer. The sole
source issue may or may not have to be addressed. Although there is one source of MMFX2
reinforcement, many fabricators have supplied MMFX2 reinforcement for both DOT and
commercial contracts. The competition between fabricators and the alternatives of stainless steel
clad and solid stainless steel should eliminate any sole source issues.

FHWA indicated that galvanized reinforcement can be used for bridges off the National
Highway System that are less than 500 ft in length. VDOT would use galvanized reinforcement
or other alternative reinforcement (except ECR) in these bridges.

Lap length and the higher yield strength of MMFX2 were discussed, and it was agreed
that VDOT would meet with representatives from MMFX to discuss these design issues. VDOT
representatives were not concerned about lap length and the higher yield strength for most
VDOT applications.

It was agreed that VDOT should document the type of reinforcement used in bridge
elements in the as-built plans so the information would be available for future use.

Discussions indicated that July 1, 2006, was a reasonable goal for issuing plans and
specifications requiring the use of MMFX2 reinforcement. The plan to phase out VDOT’s use of
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ECR as developed during the meeting would be forwarded to VDOT’s State Structure & Bridge
Engineer for approval.

Plan to Phase Out Use of ECR

The following plan to phase out the use of ECR was sent to VDOT’s State Structure &
Bridge Engineer on March 6, 2006.

e VDOT will pursue the use of MMFX2 reinforcement in structural elements in
corrosive environments where ECR has been approved for use in the past in
accordance with Section 8.22.6 of the November 2004 edition of the VDOT
Modification, Highway Bridges of the AASHTO Design Standards.

e MMFX2 will be specified for the typical applications where ECR has been used in
the past. There is no sole source issue because many fabricators have supplied
MMFX2 reinforcement for both DOT and commercial contracts. However,
contractors can also bid and use stainless steel clad and solid stainless steel with the
approval of the bridge engineer as these alternatives are approved for use by FHWA
on FHWA-funded contracts.

e In addition to MMFX2 and stainless steel clad and solid stainless steel, galvanized
reinforcement may be specified for use in “off National Highway System” bridges
that are less than 500 ft in length.

e The type of reinforcement used in bridge elements should be documented in the as-
built plans so the information will be available for future use.

e July 1, 2006, is a target date for issuing plans and specifications requiring the use of
MMFX2 reinforcement and allowing the use of stainless steel clad and solid stainless
steel.

Life Cycle Cost Analysis

Cost and service life information for uncoated carbon steel, ECR, and MMFX2
reinforcement was included with the plan. Cost data obtained from VDOT bid tabulations in
2004 and 2005 and from MMFX are shown in Table 4. It can be seen from the data in Table 4
that the differences in the cost between ECR and MMFX2 reinforcement is small, and with
today’s changing prices it is reasonable to assume that the cost of MMFX2 reinforcement is
approximately the same as that of ECR. The cost to construct structures with MMFX?2
reinforcement should not be significantly different from the cost to construct structures with
ECR. Consequently, to compare the life cycle costs, only the time to cracking of decks
reinforced with each material needs to be considered. The initial cost of stainless steel clad and
solid stainless reinforcement is much greater than that of MMFX2, and consequently use of these
reinforcements would likely be limited to special structures in which their higher cost could be
justified.
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Table 4. Reinforcement Bid Prices ($/1b installed)

Type Reinforcement Black ECR MMFX2 MMFX2*
Average 2004 VDOT bid tabs 0.89 1.10 0.85 0.90
Average 2005 VDOT bid tabs 0.99 1.12 - 1.17
Average VDOT bid tabs 0.94 1.11 0.85 1.04

*U.S. and Canada project data from MMFX.

Figure 6 shows the time to cracking for typical concretes used by VDOT over the past 20
years when the concrete deck is reinforced with carbon steel, ECR, and MMFX2 reinforcement.
The times to cracking for 12 percent of the population are 43, 47, and 263 years, respectively.
The figure is based on research by Clemena and Virmani that indicated MMFX2 reinforcement
is 4.5 times more corrosion resistant than straight carbon reinforcement and research by Weyers
et al. that indicates the time to cracking for ECR is 4 to 5 years longer than for uncoated carbon

reinforcement.'***?® Based on the times to cracking, MMFX2 reinforcement is worth 5 times

more than ECR.

100%

90% -
Epoxy-Coated

80% | Carbon Steel

70% L

Probability

40%
30%
20%
10%

60% L
50% L

263

0%

Time to Cracking (yr)

150

Figure 6. Service Life Comparison, Percentile of Population Corroded and Cracked

Final Considerations

Cost-effectiveness evaluations of current and proposed solutions generally include initial
construction costs and future maintenance, repair, and rehabilitation costs. However, such
evaluations should also consider the influence of the prevention method in question on future
maintenance, repair, and rehabilitation options. Is there a greater risk involved in adopting a
corrosion prevention strategy for which the benefit is not clearly quantified and the costs and
difficulties involved in mitigating it, should it not perform, are less well understood?
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Findings regarding projected time-to-corrosion for decks containing bare steel suggest
that the severity of corrosion-related deterioration issue has been overestimated, at least for
Virginia bridge decks. For example, a recent analysis of a random sample of 129 bridge decks
built 30 years ago in Virginia showed that only 13 percent had received a rehabilitation concrete
overlay and 25 percent had received a polymer concrete maintenance overlay.'® These decks
were built under the VDOT specification in place from 1968 to 1972 of a clear concrete cover
depth of 43 mm (1.69 in) and a maximum w/c of 0.47.

With the introduction of ECR in Virginia in the late 1970s, VDOT cover depth and
maximum w/c specifications were upgraded to a clear cover depth of 63 to 73 mm (2.5 to 3.0 in)
and a maximum w/c of 0.45. In addition, in the 1980s, Virginia began using high-performance,
low-permeability concretes primarily to prevent alkali-silica reaction. Thus, the threat presented
by reinforcement corrosion in Virginia bridge decks is limited to less than 25 percent of the
decks that are projected to initiate corrosion over an area sufficient to require rehabilitation
within 100 years after construction.'’

At present, federal guidelines require the use of a corrosion prevention method in bridge
deck construction. Currently, ECR is the most widely used method. Best estimates have shown
that ECR is not cost-effective in Virginia bridge decks. A more prudent approach to application
of limited highway construction and maintenance funds would be to differentiate between
regions or structures based on severity of environment and traffic exposure. Structures in less
severe exposures are sure to benefit from improvements in concrete quality and increased cover
depth, whereas high risk areas might be more effectively addressed on a case-by-case basis by
implementing a more reliable method, such as stainless steel reinforcement. As previously
stated, the more severe chloride exposure areas in Virginia are the Northern Virginia, Staunton,
and Culpeper districts and the coastal line substructures.

CONCLUSIONS

Historical Performance Review of ECR, ECR Performance in Solutions and Concrete,
and Preliminary Field Investigations

Historical Performance Review

e ECR laboratory investigations were short-termed projects, less than 3 years, and
demonstrated that ECR was a suitable corrosion protection method. However, one longer
term study, 7 years, showed that significant corrosion occurred when chloride was added to
the concrete at a concentration of 18.9 kg/m® (32 Ib/yd?).

e Corrosion products were observed mainly at areas where the coating lost adhesion (coating
debondment).
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e The main cause of coating debondment is believed to be galvanic corrosion and surface
damage.

e The ECR corrosion process is controlled cathodically.
e Epoxy coating debondment may result from a continuously wet environment.

e For the first 15 years of use of ECR, the assumed primary failure mechanism of macro-cell
corrosion is in error.

e For high-quality ECR, adhesion failure is followed by underfilm corrosion followed by
significant macro-cell corrosion.

e For poor quality ECR, the mechanism is the same with macro-cell corrosion occurring at
critical chloride concentration levels.

¢ Fusion-bonded ECR will not provide long-term, 50 years or more, corrosion protection in
northern U.S. and Canadian deicing salt environments.

e For typical field quality ECR, a deck service life of 3 to 6 years beyond that of black bar can
be expected.

e Two ECR corrosion protection theories were proposed based on laboratory testing: One was
that the epoxy coating prevents chloride from coming in contact with steel surfaces; the other
was that the epoxy coating acts as a high-resistance coating reducing macro-cell corrosion
between neighboring coated steel locations. Regardless of which theory is applicable, the
best corrosion protection performance will occur with coatings that adhere well, have
adequate uniform thickness, and have a low number of defects.

ECR Performance in Solutions and Concrete

e The following corrosion mechanism applies to ECR in concrete: Concrete pore water
solution penetrates the coating and debonds the epoxy coating at weak adhesion areas, and
the pH of the solution under the coating at that point is about 12. Chlorides arrive and
initiate the corrosion process under the coating; the pH decreases to 5 as corrosion proceeds.
This corrosion process agrees with other observations, including field observations.’

Preliminary Field Investigations

e The total epoxy coating damage (mashed, dents, scraps, and holes) of in-place ECR appears
to be low.

e The number of holidays of in-place ECR appears to be excessive.

e The epoxy coating adhesion loss is occurring in moist concrete and is the result of wet
adhesion loss without the presence of chloride.
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ECR is corroding in Virginia bridge decks.

The corrosion protection period for ECR beyond that of black bar was estimated at 5 years
for the two delaminated sites.

Investigation of Field Performance of Bridge Decks Built with ECR

Epoxy coating on reinforcing steel debonds from the steel surface in as little as 4 years in
bridge decks and long before chlorides arrive at the depth of the reinforcement.

Epoxy coating on reinforcing steel in bridge decks debonds from the steel surface in properly
constructed bridge decks having good clean concrete cover, good quality concrete, and ECR
that complied with VDOT prescription specifications.

Assessment of Alternative Corrosion Protection Methods

Bridge decks built either with black steel and low-permeability concrete (sometimes called
high performance concrete) or with black steel, low-permeability concrete and the calcium
nitrite corrosion inhibitor would not have to be overlaid within a 75-year design life and
would provide a more cost-effective solution than ordinary portland cement concrete or low-
permeability concrete in combination with ECR.

Development of Probabilistic Service Life Models for Bridge Decks and Laboratory
Assessment of ECR Cores Extracted from Bridge Decks

Based on assessments of chloride concentrations in field specimens associated with induced
corrosion and cracking of concrete cover, in conjunction with comparisons of corrosion rates,
the estimated service life extension for ECR beyond that of black steel was projected to be
about 4 to 5 years. The 5-year estimate is in agreement with the researchers’ initial
estimate.'*

The estimated 2.5 to 3.0 percent damage that was projected to result from typically observed
degrees of deck cracking would be associated with the deterioration level at first repair. With
about 12 percent of the worst span lane being considered as the rehabilitation damage level,
deck cracking may influence the time-to-first repair but not the time to rehabilitation.

Efforts to assess factors influencing ECR performance revealed that production line ECR
coatings being placed in bridge decks in Virginia are not fully cured.'”*® The researchers
concluded that observed micro-cracking in the surface of ECR coatings is related to the
epoxy coating moisture content after long-term exposure in concrete and measurable change
in glass transition temperature under testing, which indicates incomplete curing.
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Efforts to Implement Alternative Reinforcement

e The cost to construct structures with MMFX2 reinforcement should not be significantly
different from the cost to construct structures with ECR. Consequently, to compare the life
cycle costs, only the time to cracking of decks reinforced with each material needs to be
considered. Based on the times to cracking, MMFX 2 reinforcement is worth 5 times more
than ECR. VDOT will pursue the use of MMFX2 reinforcement in structural elements in
corrosive environments where ECR has been approved for use in the past in accordance with
Section 8.22.6 of the November 2004 edition of the VDOT Modification, Highway Bridges
of the AASHTO Design Standards. >

RECOMMENDATIONS

Based on 14 continuous years of research of corrosion protection methods and in
consideration of the lowest risk of implementation, four recommendations were presented to
VDOT’s Structure and Bridge Division for implementation:

1.

For critical structures, such as those structures on interstates and U.S. routes in
VDOT’s Northern Virginia, Staunton, and Culpeper districts and other bridge
locations with a high rate of deicer salt usage, use stainless steel (316 LN) reinforcing
bar as a bridge deck corrosion protection system.

Use stainless steel (316 LN) reinforcing steel also in coastal substructures subjected
to a marine environment.

Use low-permeability concrete (<1500 coulomb per ASTM C1207-97) and black bar
for all other non-critical decks, for beams, and for substructure elements not exposed
to marine environments.

4. Develop repair procedures and remediation strategies for structures built with ECR.

As aresult of recent efforts to implement alternative reinforcement that is eligible for
funding by FHWA, the four recommendations were refined to the following:

1.

VDOT should pursue the use of MMFX2 reinforcement in structural elements in
corrosive environments where ECR has been approved for use in the past in
accordance with Section 8.22.6 of the November 2004 edition of the VDOT
Modification, Highway Bridges of the AASHTO Design Standards.

MMFX2 should be specified for the typical applications where ECR has been used in
the past. However, contractors can also bid and use stainless steel clad and solid
stainless steel with the approval of the bridge engineer as these alternatives are
approved for use by FHWA on FHWA-funded contracts.
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3. Inaddition to MMFX2, stainless steel clad, and solid stainless steel; VDOT may
specify galvanized reinforcement for use in bridges off the National Highway System
that are less than 500 ft in length.

4. VDOT should document the type if reinforcement used in bridge elements in the as
built plans so the information will be available for future use.

5. By lJuly 1, 2006, VDOT should begin issuing plans and specifications requiring the
use of MMFX2 reinforcement and allowing the use of stainless steel clad and solid
stainless steel.

COSTS AND BENEFITS ASSESSMENT

The 1999 life-cycle cost analysis was upgraded to 2002 considering an annual inflation
rate of 2.13 percent. Evaluations included low-permeability concrete with black, ECR, and
stainless steel (SS) bar based on the cumulative percent deterioration of bridges in Virginia over
time. Total expenditures were summed over a 75-year service life. Costs included initial costs
for materials (low-permeability concrete and black, ECR, or SS bar), installation costs, and later
age costs for overlays including traffic control costs. Table 5 summarizes the 75-year service life
total expenditures for the various systems.

Table 5. Life Cycle Costs for Reinforcement Alternatives

Virginia Bridge Total Expenditures Over 75-Year Life of Decks
Deck Percentile $/m” ($/ft%)

Corrosion Black ECR MMFX2 SS
5 902 (83.90) 995 (92.50) 144 (13.30) 237 (22.00)
10 902 (83.90) 995 (92.50) 144 (13.30) 237 (22.00)
15 506 (47.20) 557 (51.70) 144 (13.30) 237 (22.00)
20 506 (47.20) 557 (51.70) 144 (13.30) 237 (22.00)

As shown, in no case is ECR the most cost-effective solution for corrosion protection of
bridge decks in Virginia. For decks that will require an overlay within the 75-year service life,
MMFX2 is the most cost-effective solution. The cost of one overlay with traffic control,
$129/m? ($12/ft%), is greater than even the SS cost of $100/m? (89.30/ft>). For decks that will not
require an overlay within the 75-year service life, black bar is the most cost-effective solution.'
Since FHWA will not fund decks with black bar, MMFX2 is clearly the most cost-effective
reinforcement for the majority of VDOT decks. The higher cost of solid stainless can be
justified for some special structures requiring a longer lasting bar.

Another way to look at the relative life cycle costs is to consider the cost of future
rehabilitations when designing a deck for a life of 100 years or more. MMFX reinforcement
costs about the same as ECR but can extend the life of a deck approximately 5 times longer.
Consequently, most decks constructed with MMFX reinforcement would not require a protective
overlay for more than 200 years. Decks constructed with ECR would need an overlay in
approximately 40 years. The life cycle cost of a deck constructed with MMFX reinforcement is
many times less than that of a deck constructed with ECR. The recommended change in the
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specification will reduce future annual expenditures on bridge rehabilitation by several million
dollars.
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MECHANICAL PROPERTIES MMFX, (ASTM A1035/A1035M)

MMEFX, (ASTM A1035/A1035M)

Standard Specification for Uncoated, Corrosion-Resistant, Deformed and Plain, Low-Carbon, Chromium, Steel
Bars for Concrete Reinforcement

Typical Stress-Strain Curves for MMFX, (ASTM A1035/A1035M) Reinforcing Bars
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Tensile Properties of MMFX, (ASTM A1035/A1035M) Reinforcing Bars
Tensile Properties Requirements Grade 100 [690] Grade 120 [830]
Tensile strength, min, psi [MPa] 150,000 [1030] 150,000 [1030]
Yield strength (0.2% offset, min, psi [MPa] 100,000 [690] 120,000 [830]

Stress corresponding to an extension under load
of 0.0035 in./in. (0.0035mm/mm), min. psi [MPa] 80,000 [550] 90,000 [620]

Elongation in 8 in. [203.2 mm], min.%:
- Bar Designation No. 3 through 11 [10 through 36] 7 7
- Bar Designation No. 14, 18, [43, 57] 6 --
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MECHANICAL PROPERTIES MMFX, (ASTM A1035/A1035M)

Chemical Constituents (Weight %)

AVAILABILITY

Element ASTM A1035/A1035M Typical
Maximum Amount * MMEFX, REBAR: #3 - #11,
#14, & #18
Carbon 0.15% 0.08% COIL:  #3 & #4
Chromium 8 t0 10.9% 9% SMOOTH ROUND DOWELS:
Manganese 1.5% 0.5% A A T
diameter
Nitrogen 0.05% 0.05%
CUSTOM MILL-CUT
Phosphorus 0.035% 0.035% LENGTHS:
Available by special order
Sulfur 0.045% 0.045% of 25 tons or greater and a
minimum length of 20’
Silicon 0.50% 0.50%

*Maximum unless range indicated.

Physical Properties per ASTM A1035/A1035M Physical Properties per BS 4449

Bar Cross-Sectional Weight, Nominal Cross Sectional Mass per
Designation Diameter Area, in? Ib/ft diameter area meter
No. in [mm] [mm?] [kg/m] mm mm’ kg
3[10] 0.375[9.5] 0.11 [71] 0.376 [0.560] 10 78.5 0.617
4 [13] 0.500[12.7] 0.20[129] 0.668 [0.994]
12 113 0.888
5 [16] 0.625[15.9] | 0.31[199] | 1.043[1.552]
6 [19] 0.750[19.1] | 0.44[284] | 1.502[2.235] 16 201 1.58
71221 | 0.875[22.2] | 0.60[387] | 2.044[3.042] 20 314 5 47
8 [25] 1.000 [25.4] 0.79 [510] 2.670 [3.973]
9[29] 1.128[28.7] | 1.00[645] | 3.400 [5.060] 25 491 3.85
10 [32] 1.270 [32.3] 1.27 [819] 4.303 [6.404] 32 804 6.31
11[36] | 1.410([35.8] | 1.56[1006] | 5.313 [7.907] 10 1957 o 86
14[43] | 1.693[43.0] | 2.25[1452] | 7.65[11.38]
18[57] | 2.257[57.3] | 4.00[2581] | 13.60 [20.24] >0 1963 15.4

Concrete structures stand on the strength of steel. That is why top project managers, engineers and
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fabricators use the strongest rebar on the market today:







TODAY’S STEEL STANDARD™
ENGINEERING BULLETIN No 2 ¢ JUNE 2012

STRUCTURAL APPLICATIONS USING MMFX, HIGH-STRENGTH REINFORCING BARS

ASTM A1035 Grade 100 and 120 rebar is an excellent option for reducing construction labor and material cost while
enchancing the ease of construction. The following comparison examples utilizing MMFX, reinforcing steels with a
100 ksi (690 MPa) yield strength demonstrate many potential areas of savings including:

» Reducing rebar congestion
» Improving constructability
» Reducing rebar fabrication

» Reducing project cost
» Easier concrete placement
» Allowing design flexibility

MAT FOUNDATION EXAMPLE

Conventional Design
60 ksi (420 MPa) Yield Strengt

h

MMEFX, Design Improvement
100 ksi (690 MPa) Yield Strength

MMEX; (ASTM A1035)
CONCRETE

REINFORCING
STEELS

Up to
33% Steel
Reduction
with MMFX,
Reinforcing Bars
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STRUCTURAL APPLICATIONS USING MMFX, HIGH-STRENGTH REINFORCING BARS

SHEAR WALL EXAMPLE

70

Designing a shear wall jam (vertical)
using high strength ASTM A1035 Grade
100 rebar offers significant advantages
over conventional A615 Grade 60

70 70

180

o lo o o

Gl o

o |o o] o

VA

22 ROWS 4 - #11 (36 mm)
88-36 mm ASTM A615 - Grade 60 (420)

» 50% Reduction in Vertical

o[ 7e| o[ Zo[ o[ Ze] o] 7o o[ Ze] o[ 7o o[ 7e] e[ 7e

Reinforcing <

Ne] o/~e] o/ o] o/ o o o

» Reduced Cross Ties s _elnel _elnel elnel elne) olne ofnel olnel

» Easier Construction
26 ROWS 2 - #11 (36 mm)

52-36 mm ASTM A1035 Grade 100 (690)

DRILLED PILE EXAMPLE

Drilled Piles designed using 100 ksi
5 F % OF N (690 MPa) MMFX, rebar lowers
| drilling time and cost while also
(i reducing construction material
R r —1 [27m requirements
( A i
28:36m mq = - » 40% Less Concrete
(fy=460 MPa) B B | 20m » 29% Less Steel
1
e <
-l @ -
SECTION A-A SEC'?lg[r]qB-B = 4 == N 4 ==— N 4
|-;:|-| QDD-‘L S T E E L
BASELINE Design MMFX Design

Pile diameter
Reinforcement Grade
Reinforcement per Pile
Number of Pile per location
Length of Pile per location
Concrete Volume

Steel Volume

1500 mm diameter
Reinf w/fy = 460 MPa
28 - 36M bars

2

2.7 mlong

9.56 m? per location

1.521 x 108 mm? per location

900 mm diameter
Reinf w/fx = 690 MPa
12 - 36M bars

1

9.0 m long

5.72 m3 per location

1.086 x 108 mm? per location
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DESIGN GUIDE FOR THE USE OF MMFX, GRADE 100 (690) IN BUILDING STRUCTURES

ACI ITGO6 DESIGN GUIDE FOR THE USE OF ASTM A1035/A1035M GRADE 100 (690)

STEEL BARS FOR STRUCTURAL CONCRETE

Authored by the ACI Innovative Task Group 6 and published in August 2010 by
the American Concrete Institute, this guide provides recommendations on design
provisions for the use of ASTM A1035/ASTM1035M Grade 100 (690) high-strength
deformed steel bars for reinforced concrete members. The guide was developed
to specifically address certain requirements in ACI 318-08 that limit the efficient
use of high-strength steel bars and only addresses those limitations. Other code
requirements are not affected.

This guide includes a discussion of the material characteristics of Grade 100 (690)
ASTM A1035/A1035M deformed steel bars and recommends design criteria for
beams, columns, slab systems, walls, and footings for Seismic Design Category (SDC)
A, B, or C, and also for structural components not designated as part of the seismic-
force-resisting system for SDC D, E, or F.

ACI ITG-6R-10

Design Guide for the Use of
ASTM A1035/A1035M Grade 100 (690)
Steel Bars for Structural Concrete

Reported by ACI Innovation Task Group 6

@ American Concrete Institute®

For high seismic areas, the application of this guide is currently limited to slab systems, foundations, and structural

components not designated as part of the seismic-force-resisting system but explicitly checked for the induced effects

of the design displacements. The only exception to this, is the use of transverse reinforcement for concrete confinement
with specified yield strength ( /;,) up to 100,000 psi (690 MPa) as permitted by Section 21.1.5.4 of ACI 318-08.

Design examples are included as part of this document
to illustrate design procedures and proper applications
of the recommended design criteria. Also included as
part of these design examples are commentaries, which
are provided to highlight the differences in design when
using ASTM A1035 high-strength steel bars as opposed
to the conventional ASTM A615 steel bars.

This document is available in Electronic PDF and can
be purchased directly from the ACI Bookstore www.
concrete.org/bookstorenet/.

AVAILABILITY

REBAR: #3 - #11,
#14, & #18
COIL: #3 & #4

SMOOTH ROUND DOWELS:

1-1/4 & 1-1/2 inch
diameter

CUSTOM MILL-CUT
LENGTHS:

Available by special order
of 25 tons or greater and a
minimum length of 20’
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DESIGN GUIDE FOR THE USE OF MMFX, GRADE 100 (690) IN BUILDING STRUCTURES

The following design guidelines for use of MMFX, Grade 100 (690) steel bars for structural concrete are presented
herein based on the recommendations of the ACI ITG 06 report. Please refer to the ACI guide for more details on these
recommendations:

A simplified design method is recommended for flexural tension, based on an idealized elasto-plastic stress-strain

curve with a yield plateau at #, = 100 ksi (690 MPa).

e The tension-controlled and compression-controlled strain limits and the strength reduction factor ¢ are adjusted
to ensure satisfactory member behavior. The adjusted tension and compression strain limits are 0.009 and 0.004
respectively, and the adjusted strength reduction factor ¢ is given by the following equation:

0.65 < (¢ =0.45 + 50et) <0.9

e Flexural and direct compression,fy is taken as 80,000 ksi (550 MPa).

¢ Moment redistribution for flexural design using MMFX, reinforcement is not recommended.

e Flexural design using MMFX, Grade 100 (690) bars with #, = 100,000 psi (690 MPa) would result in higher steel
stress at service load conditions; designer should exercise caution in applying the ACI 318-08 provisions on crack and
deflection controls.

e For shear design of beams, MMFX, Grade 100 (690) bars may be used as shear reinforcement with specified yield
strength (fyt): 80,000 psi (550 MPa).

e Development and splice length for MMFX, reinforcement in tension may be determined by Eq. (12-1) of ACI 318-08
provided the splice is confined.

e Design of slab systems using MMFX, Grade 100 (690) steel bars should follow the provisions in Chapter 11 of ACI
318-08 for shear in one-way slabs and Chapter 13 for two-way slabs.

* If shear reinforcement is required to provide sufficient shear strength for a two-way slab system, the #,, for shear
reinforcement should be limited to 60,000 psi (410 MPa) .

e There are no exceptions from the requirements of ACI 318-08 for designs of columns, walls, footings and pile caps,
and mat foundations using MMFX, reinforcement other than the adjustments offy for tension and compression
reinforcements, andfy, for shear reinforcement, similar to the values used for beam design.

e The recommended specified yield strengths for design of various structural members using MMFX, reinforcement

are summarized for convenient reference in Table 1.

Table 1 - Specified yield strengths for design of members using MMFX, reinforcement

Longitudinal reinforcement (ﬁ,) Transverse reinforcement (fyt)
Tension, psi Compression, psi Shear, psi Torsion, psi Confinement, psi

Type of member (MPa) (MPa) (MPa) (MPa) (MPa)
Beams and one-way slabs 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) N/A
Columns 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) 100,000 (690)
Tension ties 80,000 (550) N/A N/A N/A N/A
Compression struts N/A 80,000 (550) N/A N/A N/A
Two-way slabs 100,000 (690) 80,000 (550) 60,000 (410) 60,000 (410) N/A
Walls 100,000 (690) 80,000 (550) 80,000 (550) N/A 100,000 (690)
Footings and pile caps 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) N/A

Mat foundations 100,000 (690) 80,000 (550) 80,000 (550) N/A N/A
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DESIGNING MORE ECONOMICAL, DURABLE AND SAFER BRIDGES WITH MMFX,

AASHTO LFRD DESIGN CONSIDERATIONS BASED ON NCHRP REPORT 679

Beginning in 2007, research funded by the Transportation Research Board (TRB), was performed under National Cooperative
Highway Research Program (NCHRP) Project 12-77 to provide an evaluation of existing AASHTO LRFD Bridge Design Specifications
related to the use of high-strength reinforcing steel. At the conclusion of this comprehensive research and analytical program
in 2011, NCHRP Report 679 was published. This report makes recommendations to AASHTO LRFD Bridge Design Specifications,
Sections 3, 5 and 9 that permit use of high-strength reinforcing steel with yield strengths up to and including 100 ksi (690 MPa),

such as ASTM A1035/AASHTO MP 18.

Research and analysis covered in NCHRP Report 679 confirmed that:

e 100 ksi (690 MPa) yield strength design can be done without significant changes to
the AASHTO LFRD Bridge Design Specifications

¢ High strength reinforced flexural beams showed behavior similar to beams with
conventional reinforcement, while exceeding their design strength and ductility
requirements

e Accepted values for the fatigue limit for conventional steel are also applicable to
high strength bars

e Current procedures for calculating shear capacity are acceptable for values of shear
reinforcement yieldfy equal or less than 100 ksi (690 MPa)

e Shear Friction #,, needs to be limited to 60 ksi (420 MPa)

e Current requirements for design in compression members for both longitudinal
and transverse reinforcement are valid forfy equal or less than 100 ksi (690 MPa)

e Current design requirements for high-strength bars used in development, splice,
and anchorage regions should be provided with cover and confining reinforcement

NCHRP

REPORT 679

Design of Concrete Structures
Using High-Strength
Steel Reinforcement

NATIONAL
COOPERATIVE
HIGHWAY
RESEARCH
PROGRAM

e Use of current serviceability provisions for service load levels deflections and crack widths were determined to be

Lower Life-Cycle Costs

predictable and within accepted limits

NCHRP Report 679 Appendix K—Design Examples compare ASTM A1035 Grade 100
designs (690 MPa) with conventional ASTM A615 Grade 60 (420 MPa).

Example 1 — Based on “Training Classes on AASHTO LRFD Bridge Specifications,” ODOT,
R.A. Miller - Bridge Deck Reinforcement comparison —

¢ Bridge deck tension steel - reduced by 33%

e Shear reinforcement — reduced by 43%
Example 2 - Based on “LRFD Design of Cast-in-Place Concrete Bridges,” 1st Ed., Schneider,
E.F. and Bhide, S.B. Portland Cement Association, - Simple T Beam

e Beam Flexural reinforcement — reduced by 49%
e Stirrup reinforcement —red

MMEFX, Steel. Today’s Steel Standard.

$100

$80F

$601

$40f

$20F

) .

<15% of ECR

/

ECR

<15% the life-cycle costs of epoxy
coated rebar per VTRC LCCA
based on 75-year SL

MMFX,
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DESIGNING MORE ECONOMICAL, DURABLE AND SAFER BRIDGES WITH MMFX,

Steel Advantages for Use in Bridge Structures
USE OF MMFX, STEEL FOR BRIDGES LOCATED IN HIGH SEISMIC ZONES

"Design Guide for Use of ASTM A1035 High-Strength Reinforcement in Concrete Bridge Elements with Consideration of Seismic
Performance", H. Russell, S. K. Ghosh, M. Saiidi - August 2011 has been published to supplement the findings of Design of
Concrete Structures Using High-Strength Steel Reinforcement National Cooperative Highway Research Program - NCHRP Report
679 — B. Shahrooz, R. Miller, K. Harries, H. Russell — April, 2011. This study used both the NCHRP report and sponsored research
projects to evaluate the applicability and the maximum strength of MMFX, Steel reinforcement that may be used in the design
of different bridge structural members in Seismic Zones 3 and 4. A brief summary of the findings of this report are shown in the
table below.

Use of MMFX,’s higher strength and corrosion resistance presents the opportunity to optimize the structural design of bridges,
minimizing materials and reinforcing steel congestion, and provide long service life to structures located in high seismic zones.

Maximum Tensile Strength of ASTM A1035 Reinforcement for Use in Design

St:{éilgth, Foundations Columns/Walls Decks Beams/Girders
ksi (MPa)
Abutments Piles Pile Caps Vertical Confinement | TopandBottom |  Tension Compression Shear

Non Seismic (Zone 1)

100 (690) X X X X X X X X X

75 (520)

60 (420) X
Seismic (Zones 3 and 4)

100 (690) X X X N X X X X X

75 (520) N

60 (420) X3 X(3) X(3) N@ X(3) XM

(1) Yield strength limited to of 60 ksi (420 MPa) for shear-friction calculations.

(2) Not recommended.

(3) Yield strength of transverse reinforcement limited to 60 ksi (420 MPa) for shear strength computations.

Note: Application of high-strength reinforcerment in bridges located in Seismic Zone 2 was beyond the scope of this study.

Use of MMFX, Steel for Corrosion Protection of Structures

In addition to the strength advantage of MMFX, Steel (ASTM A1035/AASHTO MP 18) rebars, corrosion-resistant MMFX, rebars
are ideal for structural members and systems exposed to, or in direct contact with, corrosive environments, such as: marine
environment, de-icing salts, foundation systems in high water tables, or corrosive soil conditions. MMFX, rebars have been
successfully used in the following applications for corrosion protection: bridge decks and beams, foundation piles and systems,
pavement dowel and tie bars, diaphragm walls, marine structures and seawalls. Structural systems reinforced with MMFX,
rebars have been shown to achieve design service lives in excess of 75 years, as noted in publications such as the following: The
Use of Corrosion Resistant Reinforcement as a Sustainable Technology for Bridge Deck Construction - TRB Annual Meeting 2010
Paper #10-2214 — January 2010 — A. Moruza, S. Sharp

Conclusion:
MMFX, (ASTM A1035/AASHTO MP 18) rebar’s unique combination of strength and corrosion-resistance properties provides
engineers the opportunity to design more economical, durable, and safer structures.
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PREFACE

Evaluation reports issued by ICC Evaluation Service, LLC (ICC-ES), are based upon performance features of
the International family of codes. (Some reports may also reference older code families such as the BOCA
National Codes, the Standard Codes, and the Uniform Codes.) Section 104.11 of the International Building Code®
reads as follows:

The provisions of this code are not intended to prevent the installation of any materials or to
prohibit any design or method of construction not specifically prescribed by this code,
provided that any such alternative has been approved. An alternative material, design or
method of construction shall be approved where the building official finds that the proposed
design is satisfactory and complies with the intent of the provisions of this code, and that the
material, method or work offered is, for the purpose intended, at least the equivalent of that
prescribed in this code in quality, strength, effectiveness, fire resistance, durability and safety.

This acceptance criteria has been issued to provide interested parties with guidelines for demonstrating
compliance with performance features of the codes referenced in the criteria. The criteria was developed through
a transparent process involving public hearings of the ICC-ES Evaluation Committee, and/or on-line postings
where public comment was solicited.

New acceptance criteria will only have an “approved” date, which is the date the document was approved by
the Evaluation Committee. When existing acceptance criteria are revised, the Evaluation Committee will decide
whether the revised document should carry only an “approved” date, or an “approved” date combined with a
“compliance” date. The compliance date is the date by which relevant evaluation reports must comply with the
requirements of the criteria. See the ICC-ES web site for more information on compliance dates.

If this criteria is a revised edition, a solid vertical line (|) in the margin within the criteria indicates a change
from the previous edition. A deletion indicator (—) is provided in the margin where significant wording has been
deleted.

ICC-ES may consider alternate criteria for report approval, provided the report applicant submits data
demonstrating that the alternate criteria are at least equivalent to the criteria set forth in this document, and
otherwise demonstrate compliance with the performance features of the codes. ICC-ES retains the right to refuse
to issue or renew any evaluation report, if the applicable product, material, or method of construction is such that
either unusual care with its installation or use must be exercised for satisfactory performance, or if
malfunctioning is apt to cause injury or unreasonable damage.

NOTE: The Preface for ICC-ES acceptance criteria was revised in July 2011 to reflect changes in policy.
Acceptance criteria are developed for use solely by ICC-ES for purposes of issuing ICC-ES evaluation reports.

Copyright® 2014
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ACCEPTANCE CRITERIA FOR
HIGH-STRENGTH STEEL REINFORCING BARS (AC429)

1.0 INTRODUCTION

11 Purpose: The purpose of this criteria is to
establish procedures for high-strength steel reinforcing
bars to be recognized in an ICC Evaluation Service, LLC
(ICC-ES), evaluation report under the 2012 and 2009
International  Building Code® (IBC). The basis of
recognition is IBC Section 104.11.

1.2 Scope: This acceptance criteria applies to
uncoated, deformed, high-strength, low-carbon,
chromium-bearing steel reinforcing bars, complying with
ASTM A1035 Grade 100, for use as longitudinal and
transverse reinforcement in reinforced concrete as given
in Table 1 of this criteria, subject to the following
restrictions:

1.21 The ASTM A1035 Grade 100 reinforcing bars
shall not be used as longitudinal reinforcement in special
moment frame members, special structural wall boundary
elements, and coupling beams.

1.2.2 The reinforcing bars shall not be welded.

1.2.3 The reinforcing bars shall not be used as
headed deformed bars in tension.

124 The specified compressive strength for
concrete shall range from 4,000 psi to 12,000 psi (27.6
MPa to 82.7 MPa).

1.2.5 This criteria is applicable to reinforcement
under Sections 3.5.3.2, 3.5.3.3, 9.4, 11.4.2, 11534
11.6.6, 18.9.3.2, and 19.3.2 of ACI 318, referenced in
Section 1901.2 of the IBC.

1.2.6 Structural design using high-strength steel
reinforcing bars shall be in accordance with ACI 318 and
ACI ITG-6R, as summarized in Section 4.2 of this criteria.

1.2.7 For structures assigned to Seismic Design
Categories D, E, or F, ASTM A1035 Grade 100 reinforcing
bars are limited to placement in slab systems, foundations,
and structural components not designated as part of the
seismic force—resisting system but explicitly analyzed for
induced effects of design displacements in accordance
with ACI 318 Section 21.13.

1.3 Referenced Standards and Documents:

1.3.1 2012 and 2009 International Building Code
(IBC), International Code Council.

1.3.2 ACI 318-11, Building Code Requirements for
Structural Concrete, American Concrete Institute.

1.3.3 ACI 318-08, Building Code Requirements for
Structural Concrete, American Concrete Institute.

1.3.4 ASTM A1035-09, Deformed and Plain, Low-
Carbon, Chromium, Steel Bars for Concrete
Reinforcement, ASTM International.

1.3.5 ACI ITG-6R-10, Design Guide for the Use of
ASTM A1035/A1035M Grade 100 (690) Steel Bars for
Structural Concrete, American Concrete Institute.

1.4 Definitions:

®

High-strength Steel Reinforcing Bars: High-strength
steel reinforcing bars are uncoated, deformed steel bars
complying with ASTM A1035 Grade 100 for use as

reinforcement in concrete construction. The bars shall
have a minimum yield strength of 100,000 psi (690 MPa).

2.0 BASIC INFORMATION

21 General: The following information shall be
submitted:

211 Product Description: A description of the
reinforcing bars and splices shall be reported, including
general specifications, dimensions, tolerances,
deformation requirements and mechanical properties.

2.1.2 Installation Instructions: Complete
installation instructions for the placement of bars and
splices shall be provided.

2.1.3 Identification:

2.1.31 Bundled reinforcing bars shall have an
attached tag identifying the manufacturer's name, heat
number and roll number. The tag shall also bear the ICC-
ES evaluation report number. Individual reinforcing bars
shall be identified by a distinguishing set of marks, rolled
into the surface of one side of the bar, denoting point of
origin, size designation and minimum vyield strength
designation in accordance with ASTM A1035. lllustrations
of the bars highlighting the identifying marks shall be
submitted for reproduction in the evaluation report.

21.3.2 Mechanical Splices: Mechanical
connectors used for reinforcing bar splices shall comply
with the ICC-ES Acceptance Criteria for Mechanical
Connector Systems for Steel Reinforcing Bars (AC133),
with the modifications described in Section 3.2.1 of this
criteria.

2.2 Testing Laboratories: Testing laboratories shall
comply with the ICC-ES Acceptance Criteria for Test
Reports (AC85) and Section 4.2 of the ICC-ES Rules of
Procedure for Evaluation Reports.

2.3 Test Reports: Test reports shall comply with
ACB85. In addition, the test reports shall include sampling
procedures, test specimen preparation, test procedures,
and results of all tests. Where indicated, photographs shall
be included in the report.

2.4 Product Sampling: Sampling of the reinforcing
bars and mechanical connectors for splices for tests under
this criteria shall comply with Sections 3.1, 3.3 and 3.4 of
ACS85.

3.0 TEST AND PERFORMANCE REQUIREMENTS
3.1 Reinforcing Bars:

3.1.1  General: High-strength steel reinforcing bars
under this criteria shall comply with ASTM A1035 Grade
100.

3.1.2 Mechanical Properties:

3.1.21 Procedure: Testing for tensile and
bending properties of reinforcing bars shall be in
accordance with ASTM A1035. Each reinforcing bar size
shall be tested.

3.1.2.2 Conditions of Acceptance: Conditions of
acceptance are as set forth in ASTM A1035 for Grade
100.
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3.1.3 Dimensions:

3.1.31 Procedure: The following dimensions
shall be determined and reported by the testing laboratory
for each reinforcing bar size: weight, Ib/ft gkg/m); diameter,
in. (mm); cross-sectional area, in? (mm°®); perimeter, in.
(mm); deformation pattern, spacing and height, in. (mm);
and finish. Deformations shall be determined based on
procedures in Section 8 of ASTM A1035.

3.1.3.2 Conditions of Acceptance: Conditions of
acceptance are as noted in ASTM A1035 for Grade 100.

3.1.4 Chemical Composition:

3.1.41 Procedure: The chemical analysis of a
heat shall be determined in accordance with Section 6 of
ASTM A1035.

3.1.4.2 Conditions of Acceptance: Conditions of
Acceptance are as noted in Section 6 of ASTM A1035.

3.2 Splices:

3.2.1 Mechanical connectors shall comply with
Section 12.14.3 of ACI 318 and shall be either Type 1 or
Type 2 in compliance with the ICC-ES Acceptance Criteria
for Mechanical Connector Systems for Steel Reinforcing
Bars (AC133), except the testing shall demonstrate full
tensile strength and full elongation of the actual tested
reinforcing bars at failure. Verification of compliance, in the
form of test results, shall be provided.

3.2.2 The clearance between a lap or mechanical
splice and an adjacent reinforcing bar, or clearance
between lap or mechanical splices, shall not be less than
*I5 of the maximum size of coarse aggregates. In the event
of making a splice after arrangement of reinforcing bars,
clearances allowing insertion of equipment for construction
of splices shall be provided.

3.2.3 The concrete cover for a splice shall comply
with the requirements of Section 7.7 of ACI 318.

3.24 Splices of reinforcing bars of different
diameters shall be in accordance with ACI 318 Sections
12.15.3, 12.16.2, and the following:

3.241 If > Aps/> Apt < 0.5, then Api/Ap2 2 0.5
where:

Aps = area of an individual bar at a member
cross section that is spliced, in® (mm?)

Apne = area of an indi\Z/iduaIZbar at a member
cross section, in“ (mm®)

Ap1 = area of the smaller individual bar in a
splice, in® (mm?)

Ap2

area of the larger individual bar in a
splice, in? (mmz)

3.2.4.2  If YAvus/>Ant > 0.5, then Ap1/Ap2 2 0.75

3.2.5 The provisions in Section 4.2.16 of this criteria
for development length of high-strength reinforcing bars in
tension shall apply to ACI 318 Section 12.15, splices of
deformed bars in tension.

4.0 DESIGN METHODOLOGY

41 Structural design with high-strength reinforcing
bars complying with this criteria shall be in accordance
with ACI 318, except as outlined in ACI ITG-6R. Table 1

provides specified yield strengths of ASTM A1035 Grade
100 bars to be used in the design of structural members.

4.2 ACI ITG-6R provides further guidance for using
high-strength steel reinforcing bars beyond current ACI
318 limitations. The evaluation report shall include the
following modifications to ACI 318, taken from ACI ITG-
6R, identified in Sections 4.2.1 through 4.2.20, and
additional clarifications noted in Section 4.2.21 of this
acceptance criteria :

4.21 Deformed Reinforcement: Modify ACI 318
Section 3.5.3.3 to read as follows:

3.5.3.3—Deformed Grade 100 reinforcing bars
conforming to ASTM A1035 shall be permitted to be
used subject to the specific modifications to ACI 318
given in this acceptance criteria. Tensile strain, &s,
shall satisfy the following relationship:

& =<0.04

4.2.2 Exposure Categories and Classes: Modify
ACI 318 Section 4.2 by adding new Section 4.2.2:

4.2.2—ASTM A1035 Grade 100 bars shall be
permitted to be in direct contact with other grades of
steel except where the structure is in an aqueous
environment.  Aqueous  environments include
concrete exposure categories and classes where
moisture or water contact is anticipated, as set forth
in Section 4.2.1.

4.2.3 Bending: Modify ACI 318 Section 7.3 by
adding new Section 7.3.3:

7.3.3—Unbending of ASTM A1035 Grade 100 bars
is prohibited.

4.2.4 Redistribution of Moments: Modify ACI 318
Section 8.4 by adding the following:

Redistribution of moments shall not apply to
members containing ASTM A1035 Grade 100
reinforcing bars.

4.2.5 Strength Reduction Factor: Modify by ACI
318 Section 9.3.2.2 by replacing the second paragraph
with the following:

For sections reinforced with ASTM A1035 Grade 100
bars in which the net tensile strain in the extreme
tension steel at nominal strength, &, is between the
limits for compression-controlled and tension-
controlled sections, ¢ shall be permitted to be
linearly increased from that for compression-
controlled sections to 0.90 as & increases from the
compression-controlled strain limit to 0.009 in
accordance with Eq. 4-1:

¢ =0.45 + 50¢ (Eq. 4-1)
4.2.6 Design Strength for Reinforcement: Modify
ACI 318 Section 9.4 to read as follows:

9.4—The specified yield strengths of ASTM A1035
Grade 100 bars used in the design of structural
members shall be as shown in Table 1.

4.2.7 Control of Deflections: Modify ACI 318 Table
9.5(a) by adding the following note:

c) This table does not apply to members reinforced
with ASTM A1035 Grade 100 bars. Deflections shall
be computed in accordance with Section 9.5.2.3.
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Replace ACI 318 Eq. (9-8) with Eq. 4-2: 4.213 Shear Strength Provided by Concrete for
L, Nonprestressed Members: Modify ACI 318 Section
Ie = ey <l (Eq. 4-2) 11.2.1.1 by adding the following:
1 Mg
) ! ) ) For one-way slabs reinforced with ASTM A1035
to read as follows: percent; (2) no significant axial load is present; and
10.2.4—Tensile stress in ASTM A1035 Grade 100 (3) no shear reinforcement is provided, V. shall be
bars shall be computed in accordance with Eq. 4-3 computed in accordance with Eq. 4-5a or Eq. 4-
4 5aM:
or 4-4:
. 73 7
fs = 29,000¢s (ksi) for €5 < 0.0034 (Eq. 4-3) = m\/?bwd (Ib) (Eq. 4-5a)
. i p _
100 ksi for 0.00-34 <&<0.04 | (Eq. 4 4) v = mﬁbwd (N) (Eq. 4-5aM)
4.2.9 Compression-controlled  Strain  Limit: 4.2.14 Shear Reinforcement Design Strength:

Modify ACI 318 Section 10.3.3 to read as follows:

10.3.3—Sections are compression-controlled if the
net tensile strain in the extreme tension steel, €; is shear reinforcement shall not exceed 60,000 psi

equal to or less than the compression-controlled (410 MPa), except the value may be increased to

strain limit when the concrete in compression 80,000 psi (550 MPa) for beams and walls where
reaches its assumed strain limit of 0.003. The apioearance and serviceability due to shear

com.pre.ssmn-cont(olled strain limit is the net tenS|!e cracking are not critical design considerations.
strain in the reinforcement at balanced strain

Modify ACI 318 Section 11.4.2 to read as follows:
11.4.2—The values of fy and fy,; used in design of

conditions. For ASTM A1035 Grade 100 4.2.15 Minimum Shear Reinforcement: Modify ACI
reinforcement, it shall be permitted to set the Section 11.4.6.1 by replacing the first paragraph with the
compression-controlled strain limit equal to 0.004. following:

4.210 Tension-controlled Strain Limit: Modify ACI A minimum area of shear reinforcement, Av,min,

318 Section 10.3.4 to read as follows: shall be provided in all concrete flexural members

i _ _ reinforced with ASTM A1035 Grade 100 bars where

10.3.4—Sections re|nf0rC?d with ASTM A1035 Vu exceeds 0.5 () VC, except in members satisfying
Grade 100 bars are tension-controlled if the net one or more of (a) through (f):

tensile strain in the extreme tension steel, &, is
equal to or greater than 0.009 when the concrete in
compression reaches its assumed strain limit of
0.003. Sections with & between the compression-
controlled strain limit and 0.009 constitute a

4.2.16 Development of Deformed Bars in
Tension: Modify ACI 318 Section 12.2 by deleting
Sections 12.2.2 and 12.2.3, renumbering Section 12.2.4
to become 12.2.3 and replacing Section 12.2.2 with the

transition region between compression-controlled following:
and tension-controlled sections. 12.2.2—For ASTM A1035 Grade 100 deformed
4.2.11 Volumetric Spiral Reinforcement Ratio: Zaéﬁj-ld shall be in accordance with Eq. 4-6 or Eq.
Modify ACI 318 Section 10.9.3 to read as follows: o
10.9.3—Volumetric spiral reinforcement ratio, ps, <f,ff}4—®2400w)aﬁc/1 )
shall be not less than the value given by Eq. 4-5: lg= de (in)  (Eg.4-6)
. : dp
— A 1)L -
ps = 0.45 (Am 1) = (Eq. 4-5) where:
where the value of fy; used in Eq. (4-5) shall not ¢ = 08
exceed 100,000 psi. For fy greater than 60,000 psi a = W, defined in ACI 318-11 and ACI 318-
and ASTM A1035 Grade 100 reinforcement, lap 08,
splices according to 7.10.4.5(a) shall not be used.
= 1.3 for top cast bars
4.212 Slenderness Effects: Modify ACI 318 - 10f db
Section 10.10.2 to read as follows: Be = 1.0for uncoated bars
A = 1.0 for normal-weight concrete

10.10.2—When slenderness effects are not
neglected as permitted by 10.10.1, the design of c = spacing or cover dimension for
compression members, restraining beams, and reinforcing bar = c.... +db

other supporting members reinforced with ASTM g Cmin /2

A1035 Grade 100 bars shall be based on the Cp = bottom concrete cover for reinforcing
factored forces and moments from a second-order bar being developed
analysis satisfying 10.10.5. These members shall _ . f
also satisfy 10.10.2.1 and 10.10.2.2. The Cmax = maximum of (c;, c;)
dimensions of each member cross section used in Cmin = Smaller of minimum concrete cover or
the analysis shall be within 10 percent of the !/, of the clear spacing between bars
dimensions of the members shown on the contract _ 1 .
documents or the analysis shall be repeated. Csi = /2 of the bar spacing

Cs, = side concrete cover for reinforcing bar
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Cs = minimum of [Cy,, Cg + 0.25 in. (6.35 mm)]
d, = diameter of bar

n = number of bars being developed

R, = relative rib area of the reinforcement

projected rib area normal to bar axis

nominal bar diameter X center—to—center rib spacing

%)
1

spacing of transverse reinforcement

® = 01(2%) +09 <125
Kir = (0.52tt4An/sn) |f (in.) (Eq. 4-7)
t = 9.6R + 0.28 < 1.72 (Eq. 4-8)
tq = 0.78dp + 0.22 (in.) (Eq. 4-9)
(ffer) <40 (Eq. 4-10)
dp
In S| units
<fi3;4—®57.4w)aﬁcl
lg = —“*—F+—=—dp (Mm Eqg.4-6M
d ¢1‘83<C“’;Ktr) b ( ) ( q )
b
Kir = (6.26tt3An/sN)_| £ (Mm) (Eq. 4-7M)
t = 9.6R +0.28 < 1.72 (Eq. 4-8M)
tqg = 0.03dp + 0.22 (mm) (Eqg. 4-9M)
(2fer) <40 (Eq. 4-10M)
dp

4.217 Development of Deformed Bars in
Compression: Modify ACI 318 Section 12.3 by adding
the following:

The specified yield strength fy in compression of
ASTM A1035 Grade 100 bars is limited to 80,000
psi maximum (550 MPa).

4.2.18 Mechanical and Welded Splices: Modify
ACI Section 12.14.3.1 to read as follows:

12.14.3.1—Mechanical splices shall be permitted
when specifically recognized for use with ASTM
A1035 Grade 100 reinforcing bars in an ICC-ES
evaluation report. Welding of bars is prohibited.

4.2.19 Modification of Moments for Two-way Slab
Systems: Modify ACI 318 Section 13.6.7 to read as
follows:

13.6.7—Modification of negative and positive
factored moments using moment redistribution is
prohibited in two-way slabs reinforced with ASTM
A1035 Grade 100 bars.

4.2.20 Use in Earthquake-resistant structures:
Modify ACI Section 21.1.5 by adding new section
21.1.5.6 as follows:

21.1.5.6—Use of ASTM A1035 Grade 100
reinforcing bars as longitudinal reinforcement
in a structural member that is part of the
seismic-force-resisting system of a building
assigned to SDC D, E or F is prohibited. The
use of ASTM A1035 Grade 100 reinforcing
bars as transverse reinforcement is permitted,
provided fy is limited to 60,000 psi (410 MPa)
maximum for computing shear strength.

Modify ACI Section 21.3.2 to read as follows:

21.3.2—Where Grade 60 (420) reinforcing bars are
used for column longitudinal reinforcement and
ASTM A1035 Grade 100 reinforcing bars are used
for beam longitudinal reinforcement in intermediate
moment frames, the flexural strength requirements
(strong-column-weak beam) in Section 21.6.2.2
shall be met using the actual strengths of the
beams containing ASTM A1035 Grade 100
reinforcement. A nonlinear analysis shall be
conducted to determine Mn,. The required shear
strength of the beam shall be determined based on
Mn, from  such nonlinear analysis. Permitted
methods of nonlinear analysis are given in ACI ITG-
6R.

4.2.21 Clarification with Respect to the Effect of
Reinforcing Bar Tensile Strain: The design
methodology for the ASTM A1035 Grade 100 reinforcing
bars shall consider the effect of reinforcing bar tensile
strain on the structural performance of the reinforced
concrete structures containing ASTM A1035 Grade 100
reinforcement, including provisions noted in Sections 4.2,
4.8, 4.9 and Appendix B of ITG-6R.

5.0 QUALITY CONTROL

5.1 The reinforcing bars shall be produced under a
quality control program demonstrating compliance with
ASTM A1035 Grade 100.

5.2 Mechanical splices shall be produced under a
quality control program in accordance with AC133.

5.3 Quality documentation complying with the ICC-ES
Acceptance Criteria for Quality Documentation (AC10)
shall be submitted for each facility manufacturing or
labeling products that are recognized in the ICC-ES
evaluation report.

5.4 A qualifying inspection shall be conducted at each
manufacturing facility in accordance with the requirements
of the ICC-ES Acceptance Criteria for Inspections and
Inspection Agencies (AC304).

5.5 An annual inspection shall be conducted at each
manufacturing facility in accordance with AC304.

5.6 Special inspections for reinforcing bars and
mechanical connectors shall comply with Section 1705.3
of the 2012 IBC (Section 1704.4 of the 2009 IBC). The
evaluation report shall describe the special inspector’s
duties, as follows:

The special inspector shall verify that reinforcing bars
are of the type, grade and size specified and are in
conformance with this evaluation report; ensure that
reinforcing bars are free of oil, dirt and rust; verify that
reinforcing bars are located within acceptable tolerances
and are adequately supported and secured to prevent
displacement during concrete placement; verify that
minimum concrete cover is provided; verify that
placement of reinforcing bars complies with required
spacing, profile and quantity requirements, as indicated by
both the approved plans and installation drawings; verify
that hooks, bends, ties, stirrups and supplemental
reinforcement are fabricated and placed as specified;
verify that required lap lengths, stagger and offsets are
provided; and verify proper installation of approved
mechanical connections in accordance with the evaluation
report and approved plans and installation drawings.
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6.0 EVALUATION REPORT RECOGNITION

6.1 Restrictions, limitations, and
summarized in Section 1.2 of this criteria.

requirements

6.2 Basic information required by Section 2.1 of this
criteria, including product description, installation
procedures, packaging and identification.

6.3 Permitted mechanical splices complying with
Section 3.2 of this criteria. The mechanical splices shall be
specifically recognized in an ICC-ES evaluation report for
use with ASTM A1035 Grade 100 reinforcing bars.

6.4 Structural design methodology complying with
Section 4.0 of this criteria.

6.5 Statements on special inspection complying with
Section 5.7 of this criteria.

6.6 Table 1 of this criteria, summarizing specified yield
strengths of ASTM A1035 Grade 100 bars to be used in
the design of structural members.

6.7 lllustrations of the reinforcing bars showing
deformation patterns and identification marks. m

TABLE 1—SPECIFIED YIELD STRENGTHS FOR DESIGN OF MEMBERS USING ASTM A1035/A1035M GRADE 100
REINFORCEMENT?

LONGITUDINAL
REINFORCEMENT TRANSVERSE REINFORCEMENT
TYPE OF MEMBER - - - - - - -
Tension, psi Compression, Shear, psi Torsion, psi Confinement,
(MPa) psi (MPa) (MPa) (MPa) psi (MPa)
Beams and one-way slabs 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) N/A
Columns 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) 100,000 (690)?
Tension ties 80,000 (550) N/A N/A N/A N/A
Compression struts N/A 80,000 (550) N/A N/A N/A
Two-way slabs 100,000 (690) 80,000 (550) 60,000 (410) 60,000 (410) N/A
Walls 100,000 (690) 80,000 (550) 80,000 (550) N/A 100,000 (690)°
Footings and pile caps 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) N/A
Mat foundations 100,000 (690) 80,000 (550) 80,000 (550) N/A N/A

N/A = Not applicable
“Spirals and ties
*Ties
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EVALUATION SUBJECT:

ASTM A1035/A1035M GRADE 100 STEEL REINFORCING
BARS

1.0 EVALUATION SCOPE
Compliance with the following codes:
2012 and 2009 International Building Code® (IBC)
Property evaluated:
Structural
2.0 USES

ASTM A1035/A1035M Grade 100 steel reinforcing bars
are deformed steel reinforcing bars used as longitudinal
and transverse reinforcement in reinforced concrete
structural members, such as foundations, columns and
walls.

3.0 DESCRIPTION
3.1 ASTM A1035/A1035M Grade 100 Bars:

ASTM A1035/A1035M Grade 100 Bars are deformed steel
reinforcing bars available in Nos. 3 to 18 sizes. Examples
of available bars are illustrated in Figure 1. Nominal
weights, dimensions, and deformations comply with values
given in Table 1 of ASTM A1035.

3.2 Materials:

The bars are rolled from identified heats of cast steel and
comply with requirements in ASTM A1035/A1035M for
Grade 100. The specified yield strength is 100,000 psi
(690 MPa) and the specified tensile strength is 150,000 psi
(1030 MPa).

4.0 DESIGN AND INSTALLATION
4.1 Design:

The bars must be designed in accordance with ACI 318
and ACI ITG-6R, as summarized in Annex 1 of this report,
entitled, “Design Methodology, ASTM A1035/A1035M
Grade 100 Bars.”

The following limitations also apply:

1. The reinforcing bars must not be used as longitudinal
reinforcement in special moment frame members,
special structural wall boundary elements, or coupling
beams.

2. The ASTM A1035 Grade 100 reinforcing bars must not
be welded.

3. The ASTM A1035 Grade 100 reinforcing bars must not
be used as headed deformed bars in tension.

4. The specified compressive strength for concrete must
range from 4,000 psi to 12,000 psi (27.6 MPa to
82.7 MPa).

5. Use of the ASTM A1035 Grade 100 reinforcing bars is
applicable to reinforcement under Sections 3.5.3.2,
3.5.3.3, 94, 1142, 11534 11.6.6, 18.9.3.2, and
19.3.2 of ACI 318, which is referenced in Section 1901.2
of the IBC.

6. For structures assigned to Seismic Design Category
(SDC) D, E, or F, ASTM A1035 Grade 100 reinforcing
bars are limited to placement in slab systems,
foundations, and structural components not designated
as part of the seismic force—resisting system but
explicitly analyzed for induced effects of design
displacements in accordance with ACI 318 Section
21.13. Additional requirements pertaining to structures
assigned to SDC D, E, or F are described in Section
A.2.20 of this report.

4.2 Installation:

421 ASTM A1035/A1035M Grade 100 Bars: The bars
and splices must be located in the structure as set forth in
the approved drawings and specifications. Reinforcement
details, including surface conditions, bar placement, clear
spacing, offsets, spirals and ties, must comply with the
applicable provisions in Chapter 7 of ACI 318

4.2.2 Mechanical Splices: Mechanical splices are
beyond the scope of this report. Mechanical connectors
must be recognized in an ICC-ES evaluation report and
specifically permitted for use with MMFX ASTM
A1035/A1035M Grade 100 bars.

4.3 Special Inspection:

Special inspection is required in accordance with 2012 IBC
Section 1705.3 or 2009 IBC Section 1704.4. The special
inspector must verify the following:

1. That reinforcing steels are of the type, grade and size
specified and are labeled in conformance with this
report.

ICC-ES Evaluation Reports are not to be construed as representing aesthetics or any other attributes not specifically addressed, nor are they to be construed
as an endorsement of the subject of the report or a recommendation for its use. There is no warranty by ICC Evaluation Service, LLC, express or implied, as
to any finding or other matter in this report, or as to any product covered by the report.

Copyright © 2014
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2. That bending of reinforcing steel bars complies with ACI
318-11 Section 7.3 under the 2012 IBC, or with 2009
IBC Section 1907.3, and the modifications given in
Annex 1 Section A2.1.

3. That reinforcing steel surface conditions comply with
ACI 318-11 Section 7.4 under the 2012 IBC, or with
2009 IBC Section 1907.4.

4. That reinforcing steels are placed within tolerances set
forth in ACI 318-11 Section 7.5 under the 2012 IBC, or
with 2009 IBC Section 1907.5; and are adequately
supported and secured to prevent displacement during
concrete placement.

5. That minimum concrete protection is provided in
accordance with ACI 318-11 Section 7.7 under the 2012
IBC, or with 2009 IBC Section 1907.7.

6. That placement of reinforcing steel complies with
required spacing, profile and quantity requirements, as
specified in the approved drawings and specifications.

7. That hooks, bends, ties, stirrups and supplemental
reinforcement are fabricated and placed as specified in
the approved drawings and specifications.

8. That lap lengths, stagger and offsets are provided in
accordance with the approved drawings and
specifications.

5.0 CONDITIONS OF USE

The ASTM A1035/A1035M Grade 100 Bars described in
this report comply with applicable provisions of the codes
indicated in Section 1.0 of this report, subject to the
following conditions:

5.1 The bars must be installed in accordance with the
applicable code, the manufacturer's instructions and
this report. In case of conflict between the
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manufacturer's published instructions and this report,
the more restrictive governs.

5.2 Splice locations must comply with applicable code
requirements and be noted on drawings approved by
the building official.

5.3 Prior to installation, calculations and details
demonstrating compliance with this report must be
submitted to the building official. The calculations and
details must be prepared by a registered design
professional where required by the statutes of the
jurisdiction in which the project is to be constructed.

5.4 Use in structures assigned to Seismic Design
Categories D, E, or F and regulated by Chapter 21 of
ACI 318 are beyond the scope of this report, except
as noted in Section 4.1.6 of this report.

5.5 Special inspection must be provided in accordance
with Section 4.3 of this report.

5.6 Limitations listed in Section 4.1 of this report must be
observed.

6.0 EVIDENCE SUBMITTED

Data in accordance with the ICC-ES Acceptance Criteria
for High-strength Reinforcing Bars (AC429), dated June
2012.

7.0 IDENTIFICATION

Each bar is identified in accordance with the provisions of
ASTM A1035/A1035M and AC429 Section 2.1.3.1. Figure
2 provides an explanation of each bar mark. The bar
bundles are identified by tags bearing the manufacturer's
name, the report holder's name (MMFX Steel), the grade,
the number of bars in the bundle, the nominal bar
diameter, bar length, heat number, roll number, and the
evaluation report number (ESR-2107).

MMFX LOGO

Point of Origin

Size Designation in mm

Type of Steel

"‘\'/'
ASTM A1035
Grade 690 MPa, 100 ksi

XIniS (=S
e A e e e

Minimum Yield Designation

FIGURE 2—EXPLANATION OF BAR MARKINGS

FIGURE 1—EXAMPLES OF AVAILABLE ASTM A1035 GRADE 100 BARS
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ANNEX 1—DESIGN METHODOLOGY, ASTM A1035/A1035M GRADE 100 BARS

A1.0 Structural design with high-strength reinforcing bars must be in accordance with ACI 318, as modified by ACI ITG-6R.
Table Al provides the highest permissible values of the specified yield strengths for the ASTM A1035/A1035M Grade 100
bars to be used in the design of structural members.

A2.0 ACI ITG-6R provides further guidance for using high-strength steel reinforcing bars beyond current ACI 318 limitations.
The design and installation of ASTM A1035/A1035M Grade 100 bars must observe the following modifications to ACI 318,
taken from ACI ITG-6R:

A2.1 Deformed Reinforcement: Modify ACI 318 Section 3.5.3.3 to read as follows:

3.5.3.3—Deformed Grade 100 reinforcing bars conforming to ASTM A1035 shall be permitted to be used subject to
the specific modifications to ACI 318 given in this report. Tensile strain, &, shall satisfy the following relationship:

£,<0.015.
A2.2 Exposure Categories and Classes: Modify ACI 318 Section 4.2 by adding new Section 4.2.2:

4.2.2—ASTM A1035 Grade 100 bars shall be permitted to be in direct contact with other grades of steel except
where the structure is in an aqueous environment. Aqueous environments include concrete exposure categories
and classes where moisture or water contact is anticipated, as set forth in Section 4.2.1.

A2.3 Bending: Modify ACI 318 Section 7.3 by adding new Section 7.3.3:
7.3.3—Unbending of ASTM A1035 Grade 100 bars is prohibited.
A2.4 Redistribution of Moments: Modify ACI 318 Section 8.4 by adding the following:
Redistribution of moments shall not apply to members containing ASTM A1035 Grade 100 reinforcing bars.

A2.5 Strength Reduction Factor: Modify by ACI 318 Section 9.3.2.2 by replacing the second paragraph with the
following:

For sections reinforced with ASTM A1035 Grade 100 bars in which the net tensile strain in the extreme tension
steel at nominal strength, &, is between the limits for compression-controlled and tension-controlled sections, ¢
shall be permitted to be linearly increased from that for compression-controlled sections to 0.90 as & increases from
the compression-controlled strain limit to 0.009 in accordance with Eq. A2-1:

¢ =0.45 + 50¢&; (Eqg. A2-1)
A2.6 Design Strength for Reinforcement: Modify ACI 318 Section 9.4 to read as follows:

9.4—The specified yield strengths of ASTM A1035 Grade 100 bars used in the design of structural members shall
be no more than the values shown in Table Al.

TABLE A1—SPECIFIED YIELD STRENGTHS FOR DESIGN OF MEMBERS USING ASTM A1035/A1035M
GRADE 100 REINFORCEMENT"

LONGITUDINAL REINFORCEMENT TRANSVERSE REINFORCEMENT
TYPE OF MEMBER Tension, psi Compression, psi Shear, psi Torsion, psi Confinement, psi
(MPa) (MPa) (MPa) (MPa) (MPa)
Beams and one-way slabs 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) N/A
Columns 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) 100,000 (690)°
Tension ties 80,000 (550) N/A N/A N/A N/A
Compression struts N/A 80,000 (550) N/A N/A N/A
Two-way slabs 100,000 (690) 80,000 (550) 60,000 (410) 60,000 (410) N/A
Walls 100,000 (690) 80,000 (550) 80,000 (550) N/A 100,000 (690)°
Footings and pile caps 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) N/A
Mat foundations 100,000 (690) 80,000 (550) 80,000 (550) N/A N/A

'N/A = Not applicable
“gpirals and ties
*Ties

A2.7 Control of Deflections: Modify ACI 318 Table 9.5(a) by adding the following note:

c) This table does not apply to members reinforced with ASTM A1035 Grade 100 bars. Deflections shall be computed in
accordance with Section 9.5.2.3.

Replace ACI 318 Eq. (9-8) with Eq. A2-2.

I
— (Eq. A2-2)
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A2.8 Tensile stress: Modify ACI 318 Section 10.2.4 to read as follows:
10.2.4—Tensile stress in ASTM A1035 Grade 100 bars shall be computed in accordance with Eq. A2-3 or A2-4:

fs = 29,000¢; (ksi) for € < 0.0034 (Eq. A2-3)
100 ksi for 0.0034 < & < 0.015 (Eq. A2-4)

A2.9 Compression-controlled Strain Limit: Modify ACI 318 Section 10.3.3 to read as follows:

10.3.3—Sections are compression-controlled if the net tensile strain in the extreme tension steel, & is equal to or less
than the compression-controlled strain limit when the concrete in compression reaches its assumed strain limit of 0.003.
The compression-controlled strain limit is the net tensile strain in the reinforcement at balanced strain conditions. For
ASTM A1035 Grade 100 reinforcement, it shall be permitted to set the compression-controlled strain limit equal to 0.004.

A2.10 Tension-controlled Strain Limit: Modify ACI 318 Section 10.3.4 to read as follows:

10.3.4—Sections reinforced with ASTM A1035 Grade 100 bars are tension-controlled if the net tensile strain in the
extreme tension steel, & is equal to or greater than 0.009 when the concrete in compression reaches its assumed strain
limit of 0.003. Sections with & between the compression-controlled strain limit and 0.009 constitute a transition region
between compression-controlled and tension-controlled sections.

A2.11 Volumetric Spiral Reinforcement Ratio: Modify ACI 318 Section 10.9.3 to read as follows:

10.9.3—Volumetric spiral reinforcement ratio, ps, shall be not less than the value given by Eq. A2-5:

Ag 1) fre
- — — — Eg. A2-5
Ps=0.45 (Ach » (Eq )
where the value of f,; used in Eqg. (4-5) shall not exceed 100,000 psi (690 MPa). For fy; greater than 60,000 psi (410 MPa)
and ASTM A1035 Grade 100 reinforcement, lap splices according to 7.10.4.5(a) shall not be used.

A2.12 Slenderness Effects: Modify ACI 318 Section 10.10.2 to read as follows:

10.10.2—When slenderness effects are not neglected as permitted by 10.10.1, the design of compression members,
restraining beams, and other supporting members reinforced with ASTM A1035 Grade 100 bars shall be based on the
factored forces and moments from a second-order analysis satisfying 10.10.5. These members shall also satisfy
10.10.2.1 and 10.10.2.2. The dimensions of each member cross section used in the analysis shall be within 10 percent of
the dimensions of the members shown on the contract documents or the analysis shall be repeated.

A2.13 Shear Strength Provided by Concrete for Nonprestressed Members: Modify ACI 318 Section 11.2.1.1 by adding
the following:

For one-way slabs reinforced with ASTM A1035 Grade 100 bars where (1) p is less than one percent; (2) no significant
axial load is present; and (3) no shear reinforcement is provided, V. shall be computed in accordance with Eq. A2-6 or

Eq. A2-6M:
Ve=—2— [f b,d (Eq. A2-6)
€7 39+421d w )
Ve=——2 _ [fb,d (Eq. A2-6M)
€7 1000+2.1d w Q.

A2.14 Shear Reinforcement Design Strength: Modify ACI 318 Section 11.4.2 to read as follows:

11.4.2—The values of f, and f,; used in design of shear reinforcement shall not exceed 60,000 psi (410 MPa), except the
value may be increased to 80,000 psi (550 MPa) for beams and walls where appearance and serviceability due to shear
cracking are not critical design considerations.

A2.15 Minimum Shear Reinforcement: Modify ACI Section 11.4.6.1 by replacing the first paragraph with the following:

A minimum area of shear reinforcement, A, min, shall be provided in all concrete flexural members reinforced with ASTM
A1035 Grade 100 bars where Vuexceeds 0.5 ¢ V¢ except in members satisfying one or more of (a) through (f):

A2.16 Development of Deformed Bars in Tension: Modify ACI 318 Section 12.2 by deleting Sections 12.2.2 and 12.2.3,
renumbering Section 12.2.4 to become 12.2.3 and replacing Section 12.2.2 with the following:

12.2.2—For ASTM A1035 Grade 100 deformed bars, I4 shall be in accordance with Eq. A2-7 or Eq. A2.7M:

f
(TZC—Q) 2400 w)a Bed

9 73.6 (

= dp (in.) (Eq. A2-7)

b w+ Ky
dp
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where:

$=0.8

a = 1.3 for top cast bars

B: = 1.0 for uncoated bars

A = 1.0 for normal-weight concrete

Ky = (0.52t tg Ay /sn)/ f'c (in.) (Eq. A2-8)

t,= 9.6Rr+0.28 <1.72 (Eq. A2-9)

ty= 0.78d, + 0.22 (in.) (Eq. A2-10)

(C’“':i—’(t) <4.0 (Eq. A2-11)
b

In Sl units

( Iy 4574 w)a Bl

=Ll d Eq. A2-7TM

183 (_” md;KtT) b (M) (Eq )

K = (6.26t, tqg Ay /sn) o/ £’ (mm) (Eq. A2-8M)

= 9.6Rr+0.28<1.72 (Eq. A2-9M)

ty= 0.03db + 0.22 (in.) (Eq. A2-10M)

(C”"’—’(r) <4.0 (Eq. A2-11M)
dp

A2.17 Development of Deformed Bars in Compression: Modify ACI 318 Section 12.3 by adding the following:

The specified yield strength f, in compression of ASTM A1035 Grade 100 bars is limited to 80,000 psi (550 MPa)
maximum.

A2.18 Mechanical and Welded Splices: Modify ACI Section 12.14.3.1 to read as follows:

12.14.3.1—Mechanical splices shall be permitted when specifically recognized for use with ASTM A1035 Grade 100
reinforcing bars in an ICC-ES evaluation report. Welding of bars is prohibited.

A2.19 Modification of Moments for Two-way Slab Systems: Modify ACI 318 Section 13.6.7 to read as follows:

13.6.7—Modification of negative and positive factored moments using moment redistribution is prohibited in two-way
slabs reinforced with ASTM A1035 Grade 100 bars.

A2.20 Use in Earthquake-resistant structures: Modify ACI Section 21.1.5 by adding new section 21.1.5.6 as follows:

21.1.5.6—Use of ASTM A1035 Grade 100 reinforcing bars as longitudinal reinforcement in a structural member that is
part of the seismic-force-resisting system of a building assigned to SDC D, E or F is prohibited. The use of ASTM A1035
Grade 100 reinforcing bars as transverse reinforcement is permitted, provided fy; is limited to 60,000 psi (410 MPa)
maximum for computing shear strength.

Modify ACI Section 21.3.2 to read as follows:

21.3.2—Where Grade 60 (420 MPa) reinforcing bars are used for column longitudinal reinforcement and ASTM A1035
Grade 100 reinforcing bars are used for beam longitudinal reinforcement in intermediate moment frames, the flexural
strength requirements (strong-column-weak beam) in Section 21.6.2.2 shall be met using the actual strengths of the

beams containing ASTM A1035 Grade 100 reinforcement. A nonlinear analysis shall be conducted to determine Mnp.

The required shear strength of the beam shall be determined based on Mpp from such nonlinear analysis. Permitted
methods of nonlinear analysis are given in ACI ITG-6R.
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Designing Better Built Structures, More Efficiently

Introduction

When building, improving or replacing our infrastructure,
we should apply Value Engineering (VE) disciplines to
build better structures, more efficiently. VE is a creative,
organized effort, which analyzes the requirements of a
project for the purpose of achieving the essential
functions at the lowest total costs (capital, staffing,
energy, maintenance) over the life of the project. This
includes selecting materials that most efficiently meet
the objectives of the project from
construction through replacement. Requirements such
as load capacities, service lives, maintenance and repair
costs, must be taken into consideration in the design of
the structure.

construction

The use of corrosion resistant reinforcing steel bar
(rebar) extends the useful life of the structure, as well as
Applying high
drastically reduce

reduces maintenance and repair costs.

strength steels in design can
construction costs, including solving costly congestion
issues. MMFX Technologies Corporation offers high
strength and corrosion resistant reinforcing steels to the

market named MMFX,® and ChromX™ 4100 rebar.

Corrosion Resistance

Corrosion of steel is initiated when chlorides penetrate
the concrete, which is porous, and reach the steel in
This
concentration is known as the Chloride Threshold (CT) of
the steel. When the CT is reached, the steel begins to
corrode and propagates, expanding the steel and causing
the concrete to crack and spall. Figure 1 diagrams this
corrosion timeline.

sufficient concentration to initiate corrosion.

Figure 1. Corrosion Timeline for Concrete Reinforcement
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Figure 2 shows examples of a corroding bridge pile and
deck. The reinforcing steel has corroded, causing the
concrete to fall away, weakening the supports and
substructures of the bridges.

Corrosion of the reinforcing steel is the major cause of

deterioration of concrete structures and our
The United States infrastructure is

suffering significantly from the corrosion of its bridges,

infrastructure.

roadways, ports and seawalls. A 2002 study conducted
by the U.S. Federal Highway Administration (FHWA)
estimated the total annual cost of corrosion to be $276
billion or 3.1% of the nation’s gross domestic product.
The fast rate of corrosion compared to the slow rate of
repair and replacement has caused cumulative
deficiencies in the nation’s infrastructure. Over 143,000
U.S. bridges, approximately 25% of the country’s total
bridges, are deemed structurally deficient or functionally
obsolete. We need to change this trend and build our
infrastructure to last by using better construction

materials.

The corrosion resistance of MMFX, rebar is derived from
that is
fundamentally different than standard carbon steels.

the unique microstructure of the steel
Standard carbon steels consist of ferrites and carbides.
When exposed to a chloride solution, the ferrites
(anodes) and carbides (cathodes) establish a chemical
reaction called a micro-galvanic cell that causes the
breakdown of the carbides, resulting in the expansion of
the steel, i.e. the corrosion of the steel. See Figure 3.

Figure 3. Corrosion of Standard Carbon Reinforcing Steel

/90N

In contrast to standard carbon steels, the MMFX,
microstructure consists of dislocated laths of martensite
separated by thin layers of retained austenite, and is

relatively free of carbides. This martensitic, austenitic
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microstructure and the minimizing of carbides in MMFX,
inhibit the formation of micro-galvanic cells. Figure 4
represents a diagram of the MMFX microstructure.

Figure 4. MMFX Steel Microstructure
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The corrosion resistance offered by this unique
microstructure is twofold: 1) MMFX, steel has a CT value
of four times that of standard carbon steel, which means
it takes longer for corrosion to initiate; and 2) the steel
corrodes at one-third the rate of standard carbon steel,

which further delays the spalling of the concrete.

The corrosion resistance of MMFX, rebar has been
studied, measured by
universities, government agencies and independent
testing facilities. A small selection of these studies our
listed under References below. MMFX, rebar has been
designated a Corrosion Resistant Rebar (CRR) by several
state departments of transportation,
transportation, and industry organizations that use the
steel to extend the lives of their structures.

validated and numerous

ministries of

Economics of CRR

The corrosion cycle described above can be categorized
in three stages: Initiation, Propagation and Repair.
Figure 5 illustrates these stages comparing standard steel
(red line) and MMFX; (blue line).

Figure 5. Service Life Timeline
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Based on numerous sources and field studies, corrosion
of standard steel can begin within 20 years from
(See References below).
Propagation occurs quickly and repair of the concrete is

construction completion
required within 25 years. The repairs can buy some time,
but the underlying cause, i.e. the corrosion of the
reinforcing steel, continues until the structure needs to
be completely replaced.

MMFX,’s higher CT value of four times that of standard

steel delays corrosion initiation well beyond the
projected service life of structures built using standard
rebar. In addition, the steel’s slower rate of corrosion
further extends the service life. Studies have projected
the service life of concrete structures built with MMFX,
rebar to be over 100 years, based on these scientific
factors and modeling of historical chloride ingress in

concrete (See References below).

This extension of the service life and delay in the need
for repairs directly reduces the maintenance and repair
costs over the life of the bridge or other structure. Table
1 below compares the estimated Net Present Value
(NPV) of a bridge deck made from MMFX, rebar
compared to other products. The estimated costs
include construction and repair costs over a 100-year
target service life. MMFX; provides the lowest life cycle

costs per square foot.

Table 1. Life Cycle Cost Comparisons — TCG LCCA Report (May 2012)

e arage | wannerie |

Concrete Type Bridge LP Pile Mix LP
Minimum Cover 1.5in. 2.0in
. Lifetime Cost with .
Reinforcement Type Replacement Life
Black Bar $20.14 26 yr-
replacement
35yr.
Epoxy Coated (ECR) $17.79 e
Galvanized $14.36 Bayr.
replacement
MMFX; — Gr. 80 $14.40
MMFX,— Gr. 75 $11.28 = 100yr
MMFX; — Gr. 100 $8.64
Stainless
30.36
(UNS S32304) SRR > 100yr

*Net present value in US dollars per square foot, excluding traffic
and road user costs incurred during repair.

MMFX, rebar was designated the lowest cost solution for
corrosion based on a 75-year service life by the Virginia
Transportation Research Council (VTRC). Based on the

VTRC recommendation, the Virginia Department of
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Transportation (VDOT) instituted its CRR policy, under
which it requires the use of MMFX; or stainless steel for
its bridges and highways.

It is important to note that the owner does not have to
wait the full service life in order to realize the cost
benefits offered by MMFX; rebar. Significant savings are
realized upon the first repair of a structure built with
standard rebar, which can be required in as early as 20 —
25 years from construction. While a structure built with
MMFX, rebar would not require a repair for 100 years.

As Table 1 above indicates, the life cycle cost savings is
further increased when design engineers take advantage
of MMFX, rebar’s higher strength. See “High Strength”
below.

High Strength

Both MMFX, and ChromX 4100 rebar provide over 690
MPa vyield strengths allowing for efficient designs and
construction of bridges. The savings derived from
designing with High Strength Steel (HSS) grades not only
result from the direct reduction in the amount of steel
needed, but also the reductions in the fabrication and
placement of that steel, the transportation and pouring
of the concrete, and other construction costs, such as
crane time, couplers, and excavation, depending on the
given design alternative selected. In addition, high
strength steel designs can solve rebar congestion issues,
improving constructability, and shorting construction
timelines. Lastly, the availability of these high strength
steels gives engineers the freedom to design innovative
structures that would not otherwise be possible with
standard grade steels.

The construction industry standards accommodate high
strength rebar designs that allow owners and engineers
to realize these benefits today. The American Concrete
Institute (ACI) and the International Commercial Code
(ICC) include high strength concrete reinforcing designs
up to 100 ksi / 690 MPa.
Association of State Highway and Transportation Officials
(AASHTO) issued the 2013 Load and Resistance Factor
Design (LRFD) Bridge Design Specifications that allows
bridges to be designed using high strength reinforcing
steels up to 100 ksi / 690 MPa.

In addition, the American

Figure 6 compares mat foundation designs at 100 versus
60 ksi (690 versus 420 MPa). The high strength design
opens the spacing between bars, relieving the rebar
congestion and allowing the concrete to flow for better

coverage. Design engineers have also been able to thin
mat foundations saving significant costs and time in
excavation.

Figure 6. High Strength Mat Foundation Design Comparison
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To illustrate and exemplify the savings potential, Table 2
summarizes a quantified comparison of a mat foundation
Grade 100 design compared to a Grade 60 design. The
analysis is based on a specific mat foundation design and
uses today’s U.S. cost factors for materials and labor. In
this case, the high strength design resulted in 40% less
steel and a reduction in the mat thickness by two and
half feet.

Table 2. High Strength Steel Mat Foundation Design Comparison
SUMMARY OF DESIGN COMPARISON

Mat Foundation Example Grade 60 Grade 100 Added Cost /
5/30/2014 Black Bar ChromX4100 (Savings)
Construction Costs
Rebar Quantities (Tons) 2,000 1,200 (800)
Steel Related Costs $2,370,000  $2,022,000 ($348,000)
Concrete Costs $3,334,682  $2,249,935 ($1,084,747)
Other Construction Expenses:
Excavation $317,377 $253,791 ($63,585)
Total Construction Costs = $6,022,059  $4,525,726 ($1,496,333)
% Savings = -25%
Other VE Considerations
Number of Trucks 2,396 1,900 (496)
Construction Time (in hours) 366 229 (137)
Construction Time Savings = -37%
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Per the example above, ChromX 4100 is estimated to
provide a savings of 25% in costs, as well as a 37%
decrease in construction time.

Full VE Comparisons (HSS & CRR)

To illustrate the value engineering potential of MMFX,
rebar with both its corrosion resistance and high strength
properties, Table 3 provides a comparison of MMFX,
rebar to epoxy-coated rebar (ECR) using a specific
seawall example of a Grade 600 design versus a Grade
460 design, respectively. The design engineers elected to
only design up to 600 MPa for this seawall application.
Again, U.S. cost factors of materials and labor were used
for this comparison.

Per the example below in Table 3, MMFX, rebar is
estimated to provide an upfront construction cost
savings of 4% and a 20% reduction in construction time.
Further, the high strength redesign reduced the thickness
of the wall by 10%, saving valuable real estate along the
canal.

In addition, MMFX, rebar provides over 100 years of
service life in concrete compared to only 34 years
estimated for ECR. MMFX,’s corrosion resistance is
estimated to reduce the life cycle costs over a 100-year
service life by 28% for a total savings of approximately
$29 million.

Table 3. HSS & CRR Seawall Design Comparison
SUMMARY OF DESIGN COMPARISON

Seawall Example - Metric Grade 460 Grade 600 Added Cost /
7/29/2014 ECR MMFX2 (Savings)
Construction Costs
Rebar Quantities (metric tons) 20,000 15,333 (4,667)
Steel Related Costs $37,670,000 $38,847,000  $1,177,000
Concrete Costs $37,970,323  $34,173,290  ($3,797,032)
Other Construction Expenses:
Excavation $3,043,591  $2,739,232 ($304,359)
Total Construction Costs = $78,683,914 $75,759,523  ($2,924,391)
% Savings = -4%
Other VE Considerations
Number of Trucks 22,448 20,107 (2,342)
Construction Time (in hours) 2,924 2,338 (586)
Construction Time Savings = -20%

Service Life & LCCA

Service Life 34 101 67

NPV of Repairs $25,911,409 0 ($25,911,409)

Total Life Cycle Costs $104,595,323  $75,759,523 ($28,835,800)
Life Cycle Cost Analysis Savings = -28%

wr

Again, the savings in repair costs are realized upon the
initial repair of the ECR structure, which is estimated to
be within 34 years of construction. These initial repair
costs alone are estimated at a net present value of $9.7

Combined with the estimated upfront

construction cost savings from the high strength design,

million.

the total savings realized from using MMFX; rebar is over
$12.5 million within the first 34 years, with many more
subsequent repairs scheduled for the ECR structure.

Logistics

The corrosion resistant property of MMFX, rebar comes
from the microstructure of the steel, not a coating;
therefore, there are no special handling requirements.
MMFX, can be handled similarly to standard carbon
steels. This is in contrast to products that purport to
derive their corrosion protection from a coating or
stainless steels that have special handling requirements,
as well as added quality control procedures that increase
construction time and costs. In addition, there is no risk
of damaging the coating or protective layer as there is
with a coated product, which would undermine that
product’s corrosion protection.

Both MMFX, and ChromX 4100 rebar provide the high
strength yields of 100 ksi / 690 MPa with maintained
ductility, so the rebar can be cut and bent on standard
fabrication equipment just like standard carbon 60 ksi /
420 MPa rebar.
special fabrication procedures required.

There is also no preheating or other

Applications

MMFX steels have been used in:

e  Bridges, highways, and roads

e Seawalls

e  Ports, piers and marinas

e Canals and waterways

e Dams and spillways

e Water management and containment structures
e Many other applications

MMFX, rebar is sold under the ASTM A1035 (Grades 100
[690] and 120 [830]) and AASHTO MP 18 (Grade 100
[690]) specifications. ChromX™ 4100 is also available at
these grades, but with a modified chemistry designed for
a lower cost where corrosion is less of a concern.

Conclusion

MMEFX steels are:
e High-strength
e Corrosion-resistant
e Easy to handle with no special handling or
fabrication requirements
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Utilizing high strength steel designs allows for substantial
cost savings in both dollars and time.
resistance of MMFX, rebar provides additional cost
savings throughout the life of the structure compared to
structures built with standard steel.

The corrosion

This savings is
realized from the first repair and increases with each
subsequent repair required for the standard steel
structure.

Both MMFX, and ChromX 4100 rebar are essential tools
for applying Value Engineering to designs, resulting in
efficiently built, better constructed and longer lasting
structures.
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MMFX, Reinforcing Bar (Rebar)

MMEFX, rebar is available in the following sizes
Available in coil (#3 & #4 only) and Smooth Round Dowels: 1-1/4 & 1-1/2 inch. diameter
Custom mill-cut length available by special order of 25 tons or greater and minimum length of 20’

Bar Size Weight (lbs per ft) Diameter (in) Pieces Per Lift
10 (#3) 0.376 0.375 264
13 (#4) 0.668 0.500 152
16 (#5) 1.043 0.625 96
19 (#6) 1.502 0.750 68
22 (#7) 2.044 0.875 50
25 (#8) 2.670 1.000 38
29 (#9) 3.400 1.128 30
32 (#10) 4.303 1.270 24
36 (#11) 5.313 1.410 18
43 (#14) 7.650 1.693 12
57 (#18) 13.600 2.257 6

MMEX, rebar is branded with ASTM A1035 Grade 100 or Grade 120 markings and meets the following
specifications: ASTM A615 Grades 75 and 80, ASTM A1035 Grades 100 or Grade 120, and AASHTO MP18
Grade 100.

MMFX, Reinforcing Bar (Middle East/North Africa)

MMEX, rebar is available in the following sizes and sold in 2 Tons Bundles.
Custom mill-cut length available by special order of 50 tons or greater and minimum length of 6 meters.

Bar Designation Nominal Mass Diameter Cross-Seccional Pieces
No kg/m (mm) Area mm? Per Bundle
12 0.888 12 113 184
16 1.58 16 201 104
20 2.47 20 314 66
25 3.85 25 491 42
32 6.31 32 804 26
40 9.86 40 1257 16

MMEX, rebar is branded with ASTM A1035 Grade 100 (690) or Grade 120 (830) markings and meets
the following specifications: ASTM A615 Grades 75 (520) and 80 (550), ASTM A1035 Grade 100 (690)
or Grade 120 (830) and AASHTO MP18 Grade 100 (690).
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Reinforcing Steel Comparative Durability Assessment and 100 Year Service Life Cost Analysis

Report

EXECUTIVE SUMMARY

TCG has reviewed data and literature on MMFX 2 and other concrete reinforcing products
(black bar, epoxy-coated reinforcing—ECR, galvanized reinforcing, and UNSS3204 stainless
steel reinforcing) to model the service life performance in three scenarios: a bridge deck
exposed to deicing salts, a marine pile, and a pile in corrosive soil with high sulfate content.
The following is the final report of our evaluation and findings.

The engineering service life analysis included modeling of concrete service life with STADIUM®
software. Transport properties of the concrete mixtures were estimated based on data in the
TCG and STADIUM data base and our engineering judgment, with the objective of evaluating
the expected service life of various reinforcing steel alternatives in a representative concrete
mixture placed in specific exposure scenarios.

The following is a summary of the key requirements and findings:

The concrete service life requirements for the modeling are for 100 years before the
onset of spalls that would require repairs to the structures modeled.

The simulations are based on a “design” concrete cover over the reinforcing. The
design cover is the specified cover minus the placement tolerances.

Numerous technical reports were reviewed for MMFX 2, epoxy-coated, galvanized and
stainless steel reinforcing steels. The STADIUM analysis identified a service life greater
than 100 years for MMFX 2 (microcomposite) and stainless steel when used with high
guality concrete for the concrete elements exposed to chlorides. Black steel and epoxy-
coated bars, even at the maximum practical concrete cover could not meet the 100 year
service life requirements. Galvanized bars could meet 100 year requirements, but at
increased concrete cover compared to MMFX 2 and stainless bars.

STADIUM provides information on the formation of ettrignite and conversion of
monosulfate. The depths to which this would occur for all the structures considered
were determined. In all cases, at the 100 year exposure, the reinforcing bars with
MMFX 2 or stainless steel would need to be at a minimum cover exceeding what was
needed just for prevention of chloride induced corrosion. This negates advantages of
the higher chloride threshold value for stainless steel reinforcing bars in uncracked
concretes.

The literature review indicated that there could be additional cost savings in some
structural applications by utilizing the enhanced structural performance of the MMFX 2
steel. Reductions in steel contents would need to be determined by a registered
structural engineer and confirm to applicable code requirements. A reduction in the
amount of steel needed could result in MMFX 2 having an initial cost similar to black bar.

Prequalification and quality assurance testing should be specified for concrete mixtures
and reinforcement proposed for any project to ensure the concrete and reinforcement
provided will have material properties required for the 100 year design service life.
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Reinforcing Steel Comparative Durability Assessment and 100 Year Service Life Cost Analysis
Report

INTRODUCTION

Tourney Consulting Group, LLC (TCG) was contracted by MMFX Technologies Corporation to
assess the 100 year Life Cycle Cost Analysis (LCCA) of MMFX 2 (ASTM A1035/AASHTO MP
18) reinforcing steel in a bridge subjected to deicing salts, a marine pile, and a pile in corrosive
soil. The objective of this durability assessment is to demonstrate that MMFX 2 reinforcing
steel can meet the 100-year durability design requirements and to compare the service life cost
for MMFX 2 bars to alternative concrete reinforcing options for these applications.

Durability Design Basis — The durability objective for this project is to obtain a 100-year service
life without structural concrete spalling or structural repairs for the typical structures selected.
These elements provide primary road surface or structural support and repairs to these
elements define the service life end point.

This durability assessment is based on service life modeling of the concrete using the
STADIUM® software program. This software is a state-of-the-art multi-mechanistic concrete
degradation model. The assessment included these key components:

Exposure Conditions — Local exposure and climate conditions were researched and
the results applied to the service life prediction model.

Concrete Durability Assessment — TCG evaluated the environmental exposure
challenges and concrete strength criteria to establish the concrete mixture
characteristics required for this project. The mixture characteristics were then used to
identify preliminary model input values using our concrete mixtures database. This
database provides initial ion transport properties for use in the STADIUM ® software.

Reinforcing Steel Option Assessment — The physical properties and costs of three
reinforcing steel alternatives were researched, plain conventional ASTM A615/A706
“black” bars, MMFX 2 ASTM A1035 microcomposite reinforcing bars, epoxy-coated
reinforcing bars ASTM A775, galvanized reinforcing bars ASTM A767, and SS2304
ASTM A995 stainless steel reinforcing bars.

Service Life Modeling — TCG analyzed the concrete durability assessment, exposure
conditions, and alternative reinforcing steel options in STADIUM ® simulations to
develop solutions that will provide 100 years of service life for the structure. The
simulation uses computations and the concrete physical properties. As is common for
design, the concrete properties without cracks are used for the simulation.

Bridge Model

The bridge used for modeling is representative of a typical structure in the Midwest United
States where deicing salts are used and the bridge crosses fresh water.

Page 1
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The concrete in the bridge is exposed to two primary environmental conditions:

1. Deicing zone exposure is the area of the bridge exposed to deicing chemicals used in
winter conditions to keep the bridge open for vehicles (freezing rain, snow and ice).

2. “Immersed or Splash” zone exposure is the area of the bridge permanently in the river,
or expected to be exposed to normal river level fluctuations. Note that performance in
this zone is primarily related as to how well the concrete resists erosion and potentially
sulfate or ASR attack, so it will not be considered in modeling the performance of
corrosion resistant reinforcement.

Since MMFX 2 is added to enhance the corrosion resistance the analyses will concentrate on

the concrete deck which has the most severe exposure. A schematic of a typical concrete deck,
as modeled in the STADIUM® program, is shown in Figure 1.

Deck

x=l

Figure 1 — Typical Concrete Bridge Deck in the Midwest

Marine Model
The most severe exposure in marine environments are typically the piles at the

immersed/splash zone location. A typical pile in a marine application, as modeled in the
STADIUM® program, is shown in Figure 2.

Submerged Pile

= X= radius

x=0

Figure 2 Piles in Marine Application
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Soil Pile Model

Concrete building piles usually have good performance in soils with low contents of sulfates and
chlorides. However, there are numerous locations where the sulfate and chloride contents in
the ground water, and hence soil, could affect the service life of a structure, especially if the
design life is 100 years or more. A pile in soils with high water contents of sulfate and chloride
will be modeled. A typical reinforcing cage with spacers for use in the Gulf Cooperation Council
(GCC) countries is shown in Figure 3.

Figure 3 Reinforcing Cages with spacers (GCC)
Service Life Definition

The service life objective for these structures is defined as 100 years without concrete spalls in
critical structural elements.

Service life in this report considers the impact of corrosion of reinforcing steel in the concrete
bridge deck due to deicing salts, and corrosion of the outermost steel in the pile for the marine
or severe soil applications.

Over the life of a structure reinforced concrete goes through three stages of degradation related
to corrosion.

These three stages are defined as follows:

1. Stage one (corrosion initiation) - time for chlorides to penetrate into the concrete
to the level of the steel and reach the corrosion threshold level and initiate
corrosion.

2. Stage two (propagation) - time from initiation of corrosion to initiation of first
concrete spalls.

3. Stage three (repair) - time during the service life interval requiring repairs.

The degradation is shown graphically in Figure 4 for the three stages. For the structures
considered in these analyses, the end of Stage 2 defines the end of service life.

Page 3
May 8, 2012





Reinforcing Steel Comparative Durability Assessment and 100 Year Service Life Cost Analysis

Report

The predicted corrosion service life of any concrete structure or component is primarily based
on the combination of concrete mixture properties, reinforcing steel properties, element

geometry, and environmental conditions. The actual corrosion service life depends on these
factors and on installation, operating, and maintenance procedures.

Stage 1
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Figure 4 Schematic for reinforced concrete service life.

The predicted service life of components or assemblies can be assessed by one or more
methods. Prediction methods® include: 1) demonstrated effectiveness, 2) modeling of the
deterioration process, and 3) testing. The methods to evaluate service life in this report are
based on all three of these methods and include an understanding and application of the
principles of building and materials science.

a. Demonstrated effectiveness is essentially using the historical performance of similar
concrete components in similar environments to estimate the service life of concrete
members and corrosion protection alternatives in the future. The historical perspective
gained by past experiences identifies 1) weaknesses in systems 2) synergies gained
from combined systems, and 3) engineering strategies that have a proven successful.
However, this approach cannot be used for new materials or innovative construction
practices, nor can this method account for changes in use or maintenance.

b. Modeling the time to corrosion initiation caused by chloride ion contamination and other
chemical degradation mechanisms has been simulated with the STADIUM® software
program. This powerful tool allows the user to evaluate the anticipated service life of
new materials and concrete mixtures. This tool can be used to model the effect of
changing conditions in “what-if” scenarios.

! Adapted from Canadian Standards Association CSA S478-95, Guideline on Durability in Buildings, CSA, Etobicke,

Ontario, Canada.
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c. Laboratory testing to validate concrete property estimates and corrosion resistance
criteria is necessary to substantiate service life predictions. TCG has conducted testing
to verify the ion and a moisture transport property, for typical concretes used in these
applications; and has researched reinforcing steel testing programs to justify model
inputs. However, it is recommended that transport properties of the concrete used in
STADIUM ® inputs also become part of the concrete and reinforcing bar specifications
for quality control. Specifying concrete that conforms to the transport properties will
ensure the as-built service life.

As noted the three stages of corrosion service life analysis are illustrated in Figure 4. These
three stages and how they are related to this study are further described below.

1. Stage one (corrasion initiation) is the time concrete naturally protects the embedded
reinforcing steel from corrosion. Stage one includes the time it takes chloride ions (from
road de-icing salts, or the marine salt water) to penetrate into the concrete to the depth
of the steel reinforcement in sufficient quantity (corrosion threshold) to initiate corrosion.
We modeled the concrete properties and calculated the time for stage one with the
STADIUM ® software. A summary of the results are included in this section of the
report. The details of the STADIUM® analysis are included in the Appendix.

The time to initiation of corrosion will also include the impact of barrier systems to restrict
the transport of chlorides into the concrete (barrier protection). The effective life of
barriers such as overlays, membranes, or waterproofing systems can be added to the
time required to transport chlorides into the concrete. The bridge deck modeling will
include a concrete overlay on the newly constructed bridge that will act as a wearing
surface and protective barrier for a certain period of time. Since the period of time is
expected to be substantially less than the desired 100 year service life, the life of this
overlay is conservatively estimated as “zero” for the purpose of this analysis. The
overlay’s potential protective features to block chloride ion penetration for a period of
time are also conservatively estimated as a zero period of time.

It is important to note that cracking can “short-circuit” the concrete barrier protection
mechanism. Achieving the predicted service life requires effective methods for
minimizing cracking and detailing of any cracks and joints. Design and detailing should
be provided to prevent excess contamination through cracks or joints that could
otherwise leads to premature spalls and repairs.

2. Stage two (corrosion propagation) is the time after corrosion initiation until corrosion
produces delaminations and spalls in the concrete. This stage is commonly called
propagation. The length of time for this stage is primarily a function of environment,
reinforcement type, corrosion rate, concrete cover, and reinforcement layout.

For conventional reinforcing we estimate the time from corrosion initiation to first spall to
be 7 to 11 years for 2” cover and 3” cover respectively. These estimates are based on
the calculation procedure described by Liu and Weyers (1998). Hartt (2009), and
Morgan (2008) document that alternative reinforcing steels are more resistant to
chlorides and corrode at a much slower rate. Scully (2007) confirmed the reduced
corrosion rates and showed that the volumetric expansion of corrosion products for
alternative reinforcing steels is similar to conventional reinforcing. Considering these
facts, TCG used the same propagation period calculation procedure for all systems.
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3. Stage three (repairs) includes ongoing repairs (and capital maintenance) required to
correct degradation in the concrete slab or tower elements to keep the bridge
operational. Since the deck and tower elements are the primary structural elements of
the bridge, as are the piles in a marine structure, the structural designers typically
stipulate that these elements cannot have structural spalls during the 100 year design
service life. Stage 3 for these elements is zero years and the bridge service life ends
after stage 2.

MMFX 2 Concrete Reinforcing Steel Bars

MMFX 2 steel bars are a high-strength uncoated corrosion-resistant steel-reinforcing product
that meets the specifications of ASTM A 1035/A 1035 M and AASHTO Standard Specification
MP 18M/MP 18. The production process and alloy composition combined provide the enhanced
corrosion and strength performance.

Table 1 provides the material composition of a typical heat as well as the ASTM and AASHTO
specifications. The MMFX 2 is a low-carbon, chromium alloy which provides enhanced
corrosion resistance. Corrosion performance is further enhanced by the production process that
eliminates most carbide formation and results in a lathe-like structure on a nanoscale that
results in a significant improvement in mechanical properties.

Table 1--MMFX 2 (ASTM A 1035/AASHTO MP 18) Material Composition

(Maximum mass percentage of chemical constituents, except where noted * **)

C Cr Mn Si S P N (ppm)
Average Heat 007| 93 |06 0150014 |0009| 177
Chemistry
ASTM A 1035 0.15 | 8t010.9* | 1.5 | 0.50 | 0.045 | 0.035 500
AASHTO MP 18 0.15 9.2** 1.5 | 0.50 | 0.030 | 0.045 200

*Range is given in ASTM A 1035
*Minimum mass percentage

The difference in the microstructure versus A 615 steel bars is shown in Figure 5. The carbides
in the normal reinforcing steel act as cathode to the ferrite phase reducing corrosion resistance.
The reduction in the carbides results in a lower available cathode to drive the corrosion
reactions resulting in longer propagation times to failure once corrosion initiates. The chromium
content helps to raise the chloride threshold level in concrete, and with less available cathode it
results in upward of a 4-fold increase vs. A 615 steel bars as found by Hartt(2011), Hartt,
Powers, Virmani (2009), Tinnea, Hartt, Pianca et al (2006),Ji, Darwin et al (2005), Clemefia and
Virmani (2004).
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a) MMFX 2 Fine grain martensitic structure
(Water/HCI/HNOs--Etchant No. 88)

b) ASTM A 615 Grade 60 showing a perlite grain structure with ferrite present along some grain
boundaries. (Nital Etchant—No. 74.a)

Figure 5 Microstructure of ASTM A 615 Bar vs. MMFX 2 (ASTM A1035) Bar at a
magnification of 250 X.
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To meet the specifications of AASHTO MP 18 the MMFX 2 reinforcing steel had to pass severe
electrochemical corrosion testing in addition to composition and mechanical property
requirements. In these tests corrosion performance was significantly improved compared to

ASTM A 615 reinforcing bars

, Berke (2011).

The use of MMFX 2 will change the Corrosion Life Service Diagram in Figure 4 by extending the
time to corrosion and lowering the corrosion rate once it initiates. The combined effects are
illustrated in the modified version of the Corrosion Life Service Diagram which is in Figure 6.

Several reports, not specifically mentioned documenting corrosion performance, are included in
the reference section. Reference 28 includes a brief synopsis of several of the articles.

Stage 1 MMFX 2 Stage 2 MMFX 2
Stage 1 Stage 2 Stage 3
Initiation Propagation Repair
g Economic Limit 7 End of Economic
Q Service Life
g"o Potential End of
g Operational Service Life
©
(a] Repair
Event
Barrier Reduces
System Damage
MMEX 2
Lij& Corrosion Initiation Black Steel Corrosion Initiation %
e
V4
Time

Figure 6 Revised Corrosion Life Service Diagram with MMFX 2

Based upon the references in this report and those in Appendix A, Table 2 was developed to
show the improvements of MMFX 2 in corrosion performance models. These values are used
in the life cycle modeling. These values are representative of a typical location.
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Table 2-Reinforcement Options
Design Corrosion In-Place
. - . . 1 -
Reinforcement Abbreviation Yield Threshold Propagatlon Time Unit Cost 2
Type Strength PPM (estimated years) /b
(KSI) ( ) ($/1b.)
Black Bar BB 60 500° 5to 7 0.68
M'Céor‘;%rg%%s'te MMFX 2-60 60 2000° 15 to 20 1.20°
M'Cg’r‘;%rgggs'te MMEX 2-75 75 2000° 15 to 20 0.94°
M"g‘r’;gé“fgg'te MMFX 2-100 100 2000° 15 to 20 0.72°
Epoxy Coated ECR 60 500 15 0.78
Galvanized GS 60 1250* 15-20 1.147
UNS S32304 | gq 5304.60 60 5000 50 + 253
Grade 60
UNS 532304 SS 2304-75 75 5000 50 + 2.08°
Grade 75

Notes for Table 2

1. Corrosion Threshold and Propagation Time are estimated from references and literature

research.

2. Unit cost represents typical total : material, fabrication, and installation of reinforcing from

local sources.
3. FHWA-HRT-09-020 Federal Highway Administration, William H. Hartt, et al.,

Resistant Alloys for Reinforced Concrete, 2009.
4. Galvanized Steel Reinforcement in Concrete, Edited by Stephen R. Yeomans, 2004
5. Cost used is that based on treating the MMFX 2 as Grade 60, 75 or 100 bars. When its
Grade 100 properties can be utilized there is up to a 40% reduction in needed steel. This
would relate to an equivalent cost/lb. of $0.74. For a Grade 75 use the equivalent cost is

$0.98/Ib.

Cost used is based on treating SS 2304 as a Grade 60 or Grade 75 bars.

Corrosion

No

Galvanized bar cost is based on the 6 to 8% additional weight of the zinc coating on the
bar.

The mechanical properties of MMFX 2 are given in Table 3 for the Grade 100 (690 Sl units).
AASHTO MP 18 has specifications for lower strength Grade 60 (420) and Grade 75 (520) and
ASTM A 1035 includes a higher strength Grade 120 (830). The increased ultimate and yield
strengths can be utilized by structural engineers to reduce the quantities of reinforcing steel
needed. Several references are available that give guidelines as to how this can be performed
and are listed in the references. Lucier, Rizkalla, Zia, Hatem (2008) showed that a 33%
reduction in reinforcing bars could be achieved in a bridge deck by utilizing high performance
MMFX 2 steel reinforcement.
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Table 3-MMFX 2 (ASTM A 1035/AASHTO MP 18) Mechanical Properties for Grade
100 (690 Sl units).

Property (minimum values) Grade 100 | Grade 690
(psi) (MPa)
Tensile Strength 150,000 1030
Yield Strength (0.2% offset) 100,000 690
Stress corresponding to an extension under load 80,000 550
of 0.0035 in/in (0.0035 mm/mm)
Elongation in 8 in [200 mm] Percent
Bar Designation Number
3 through 11 [10 through 36] 7
14, 18 [43, 57] 6

Reducing the required amount of steel to meet structural requirements in addition to lowering
Life-cycle costs also facilitates the placement of concrete by reducing reinforcing bar
congestion. Additional references on the mechanical properties and using the enhanced
properties in structural element are included in the synopsis in Appendix A.

Reinforcing Steel Options Considered

The key performance properties of black bar, epoxy coated bar, galvanized bar,
stainless steel bar, and MMFX 2 bar are shown in Table 2. Total installed costs are
shown in Table 2. In addition the strength levels are given. The values in the table for
MMFX 2 and SS 2304 are for applications where their higher yield stress is not being
utilized to reduce the quantity of steel needed. For MMFX 2 total installed costs, when
used at the higher grade level, are reduced as less steel is required. UNS S32304 can
be used in some cases as Grade 75 so in some applications the amount of steel can be
reduced. The other steels have a cost premium associated with a higher grade.
Reinforcing Steel Comparisons

Black Bar
Advantages

e Lowest initial cost
¢ Good Bond help to minimize crack size

Disadvantages

e Low Corrosion threshold

e Low propagation time

e Service Life estimated less than 100 years for all exposures
e Requires additional protection at cracks
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MMFX 2
Advantages

e Low initial cost

e Good bond helps to minimize crack size

¢ Comparable in initial cost to BB if higher strength can be utilized

o Extended propagation time & raised Corrosion threshold

e Service Life estimated more than 100 years for all exposures

¢ Increase strength — may reduce reinforcement congestion and in-place costs
e Provides improved corrosion protection at cracks and flexural members

¢ No special handling procedures, same as black bar

Disadvantages

e Initial Cost premium over BB when used at Grade 60
¢ May require additional protection at cracks compared to stainless steel

ECR
Advantages

e Low initial cost
¢ Extended propagation time over BB

Disadvantages

e Low Corrosion threshold

e Possible reduction to Bond

e May increase crack size

e Special storage and handling requirements

e Service Life estimated less than 100 years in all cases

Galvanized
Advantages

e Moderate initial cost
e Extended propagation time & raised Corrosion threshold
e Good bond helps to minimize crack size

Disadvantages

e Service Life estimated less than 100 years accept at higher covers than needed for
MMFX 2 and SS 3204 SS

e Requires high performance concrete, admixtures, or barriers to reach service life
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¢ May need isolation from Black Bar
¢ Additional bar weight from zinc coating
e Requires additional protection at cracks compared to MMFX 2 and SS

Stainless Steels - all
Advantages

e Extended propagation time & high Corrosion threshold
e Service Life estimated more than 100 years
e Provides some corrosion protection at cracks and flexural members

Disadvantages

¢ Initial Cost premium significantly higher than all other options

e Concrete durability issues (e.g. sulfate attack) could require higher concrete cover
than needed for chloride protection eliminating the advantage of having the highest
chloride threshold.

e Special storage, fabrication and field handling procedures needed to avoid surface
contaminants

Note that for all cases a 100 year service life will require a quality concrete that will
provide a sound environment around the reinforcing bars for 100 years.
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SERVICE LIFE ASSESSMENTS

PREDICTIVE SERVICE LIFE MODELING APPROACH

Durability modeling combines materials engineering expertise and computer simulations to
optimize the reinforced concrete system to achieve a service life goal. Typically this is an
iterative process. Each concrete element is evaluated separately based on the exposure
conditions with the goal of achieving the required service life.

For the deicing salt exposures, the computer simulations provide the level of chloride
contamination at the reinforcing depth as a function of time. For immersed exposures, the
simulations provide the depth of deterioration caused by chemical interaction between the
concrete and the surrounding water chemistry. The model output is then analyzed to determine
if changes to the concrete properties or if alternative reinforcing is required to obtain the service
life goal. The program is an excellent tool for evaluating piles in soils with high sulfate and
chloride contents in the ground water, as it can predict the level of sulfate attack as well as the
chloride profile.

Background on STADIUM Model

SIMCO Technologies Inc. (Quebec, Canada has developed, in collaboration with Laval
University, a numerical model, called STADIUM, for the prediction of the degradation of
concrete structures exposed to chemically-aggressive environments. In addition to the diffusion
of ions and moisture, the model also accounts for the effects of chemical
dissolution/precipitation reactions on the transport mechanisms.

During the course of its development, the numerical results yielded by STADIUM were
systematically validated on the basis of laboratory test results and field exposure observations
(Marchand 2001, Marchand et al. 2001, ) and field exposure observations (Marchand et al.
2002a, Marchand et al. 2002b, Marchand et al. 2002c). The model was also used to predict the
behavior of numerous existing structures exposed to various forms of chemical degradation
phenomena.

Description of STADIUM

Over the past few years, the mechanisms of ionic transport in cement
systems have been the subject of a great deal of attention. Most of the
reports published on the topic have clearly emphasized the intricate
nature of the problem. Given the number of inter-related parameters
involved, simple analytical models can hardly describe the process of
STADIUM ionic transport. Numerical modeling is required.

it
s
deee
e

AR,

STADIUM is an acronym that stands for Software for Transport and Degradation In Unsaturated
Materials.
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The main features of the numerical model called STADIUM are described in the following
paragraphs. STADIUM predicts the transport of ions in cement-based materials and the
chemical modifications occurring to the material as a result of these ionic movements. Currently,
STADIUM can only be applied to 1D and axisymmetric problems. The 2D version is nearing
completion and will eventually be able to model cracked concrete conditions.

STADIUM is divided in two main modules. The first module accounts for the coupled transport
of ions and water without considering any chemical (dissolution/precipitation) reactions. The
transport calculation is a volume-averaged version of the extended Nernst-Planck equation.
This equation accounts for the electrical coupling between ions as well as for the chemical
activity of the various ionic species in solution. The equation is coupled to Poisson’s equation,
which accounts for the electrical potential of the solution as a function of the local ion
concentrations.

The following ionic species are usually considered: OH’, Na*, K*, SO,*, Ca®*, Al(OH),, CI..

These ions are related to the predominant chemical degradation phenomena that may affect
concrete structures in service: chloride penetration, external sulfate attack, calcium leaching,
etc. If needed, additional ionic species can be considered to predict the performance of
concrete subjected to various deterioration mechanisms. For example, Mg®* for magnesium
sulfate attack, NO, for concrete made with corrosion inhibitor, etc.

To account for the simultaneous transport of water, the previous equations are coupled to
Richard’s equation. It is a diffusion-type equation that gives the distribution of water content
throughout the material. The effect of water movement on ion transport is modeled by adding an
advection term to the extended Nernst-Planck equation.

To solve this complex system of nonlinear equations, a numerical algorithm must be used. All
the transport equations are solved simultaneously.

The spatial discretization of this coupled system is performed through the finite element method,
according to the standard Galerkin procedure. An Euler implicit scheme is used to discretize
the transient part of the model. The nonlinear set of equations is solved with a Newton-
Raphson algorithm. This second order algorithm gives a good convergence rate and is robust
enough to handle the electrical coupling between the ionic species as well as the non-linearities
coming from the coupling between the ionic flux and the water movement.

The second module in STADIUM is a chemical equilibrium code. After a transport step, the
chemical equilibrium module verifies if the ion concentrations in the pore fluid at each node of
the finite element mesh are in equilibrium with the different solid phases of the hydrated cement
paste: calcium hydroxide, calcium silicate hydrates, ettringite, and hydrogarnet. If the pore
solution is not in equilibrium with the paste, solid phases are either dissolved or precipitated in
order to reestablish equilibrium. Solid phases can also be formed as a result of the penetration
of aggressive species into the porous network of the material. For example,minerals such as
brucite, ettringite, gypsum, Friedel's salt, hydrated sodium sulfate, or halite may precipitate if the
right conditions exist.

The dissolution and precipitation of solid phases will lead to a local alteration of the porosity.
This local porosity change can affect the transport properties of the material. STADIUM takes
this phenomenon into account in its transport module.
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Bridge Deck with Deicing Salts

A concrete cover of 2 inches was chosen for the bridge deck with typical tolerances of + 0.5
inches. A ternary cementitious concrete mixture design was chosen representing a low
permeability concrete. The mixture design is shown in Table 4 and designated as Bridge Mix
LP.

Table 4 Concrete Mixture Designs for Midwest Bridge Deck

Material Bridge Mix LP

Cement (Ib.lyd®) 420
Silica fume (Ib./yd®) 29

Slag (Ib./yd®) 249
Water (Ib./yd®) 266

Fine aggregate (Ib./yd®) 1124

Coarse aggregate (Ib./yd®) 1750
Design Air Content 7%
W/B ratio 0.38

Transport Properties

TCG estimated concrete transport properties to be used in the STADIUM simulations for the
100 year service life, based upon its in-house data base for similar mixture designs. The values
are given in Table 5. The hydration parameter, a, is set at 1 which is consistent with field curing
conditions for a bridge deck which would not be in a constant high humidity environment after
the curing period.

Table 5 - Transport Properties for STADIUM Simulations Based on TCG Database-

Bridge Deck
Porosit IDC* or | Hydration | Hydration
Mixture s Permeability | OH" | Parameter | Parameter -
(Volume) | X 107" m‘/s (Efégfﬂsr;g?s a alpha (1/s)
Bridge Mix LP 12 1 2 1.0 0.0015

A low diffusion coefficient (IDC) means that contaminants such as chlorides will diffuse slower
through the concrete. Fly ash, silica fume, and ground granulated blast furnace, and
superplasticizers are used to lower the water-to-binder ratios and hence IDC.
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Environmental Conditions

The STADIUM software has default values for several locations in North America for both the
weather conditions and amounts of deicing salts applied. In addition, if available specific data
can be added for a specific location. It is demonstrated below how one would compile the local
environmental information needed for a specific location where MMFX 2 would be used.

TCG recently analyzed environmental data and deicing practices at the Indiana/Kentucky
border. These data are being used for the simulations and some details as to how the data
were obtained follow.

Climate and weather databases were used along with local (Kentucky and Indiana) deicing
policies and historical maintenance data to develop STADIUM ® inputs for the different
exposure conditions (deicing and immersed in river water).

Temperature and Humidity

The weather exposure conditions used by STADIUM are based on the 40 year history at
www.weatherbase.com. Data from this website was also used to estimate the number of
deicing applications. Several key metrics are summarized in the following table by month for
Louisville Kentucky.

Table 6 - 40-year Mean Monthly Weather Data for Louisville, KY

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Average high (°F) 41 46 56 68 77 85 838 87 80 69 56 45 67
Average low (°F) 25 28 36 46 55 64 68 66 59 47 37 29 47

Number of days <32°F 23 19 13 2 0 O O 0 o0 2 10 20 89

Number of days with

_ 11 11 13 12 NA NA NA NANA 8 10 11 76
winter preC|p|tat|on

Snow fall (inches) 51 45 32 01 NA NA NA NANA 01 1 2.2 162

Annual Precipitation

) 34 34 45 4 45 36 42 3330 26 3.7 35 136
(inches) ' ' ' - '

The average monthly temperature and annual variations are approximated using a sinusoidal
function in STADIUM®. For the bridge deck, the range of average monthly ambient
temperatures were approximated using an annual mean temperature of 55.4°F with a seasonal
swing of +21.6°F.

The average ambient relative humidity at the bridge deck surface was assumed to be 68% for 9
months, and 100% during the 3-month deicing period.

Based on weather and historical data we would expect 30 to 40 deicing events per year. We
used an average of 35 deicing events to estimate the amount of salt applied.
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lon Exposure

Based on data collected from the Indiana and Kentucky highway maintenance departments, salt
usage and planned maintenance are summarized as follows:

Kentucky deicing practice is to use between 200 Ibs. to 500 Ibs./lane mile/event. For 35 annual
deicing events, this translates into an annual use rate between 4 to 9 tons/lane mile.

Indiana deicing practices amount to using an historical average of approximately 7 tons/lane
mile.

Since bridges are prone to icing faster than roadways, localized deicing salt use on bridges is
estimated to be approximately twice the DOT system-wide average. A conservative estimate of
14 tons per lane mile was used for the corrosion service life analysis.

The annual deicing salt use per lane mile is converted into mmoles/L of pore solution for use by
STADIUM® simulations. The chloride ion exposure calculated from deicing salt use is listed in

Table 7.

Table 7 - Summary of Exposure Conditions for Bridge Deck

Time
Temperature - Chloride | Period for
°F) Humidity (RH) | “yvi) | Chioride
(days)
554 +21.6 68%* 658 90

*RH is 100% during chloride exposure. Lowest temperature is center of chloride exposure
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CORROSION SERVICE LIFE RESULTS

The input parameters listed in Table 4, Table 5 and Table 7, along with the corrosion
parameters in Table 2, were used with STADIUM® to perform numerical simulations to estimate
the time to corrosion initiation for various reinforcing steel alternatives.

Table 8 provides a summary of the various results. The STADIUM results are in Appendix A.

Table 8 — Corrosion Service Life for Various Reinforcing Steels-Bridge Deck

Concrete Type Bridge LP
Exposure Dse:;{gg
Cover (min.) 15
. Estimate to
Reinforcement Type | tiation (y) 1% Repair (y)
Black Bar (BB) 19 25
Microcomposite
(MMFX2) >100 >100
Epoxy Coated
(ECR) 19 34
Galvanized (GS) 59 76
UNS S32304
(SS2304) >100 >100

Table 8 Notes

1. Table Abbreviations: BB = conventional black bar reinforcement, MMFX 2 = micro-
composite reinforcement, ECR = epoxy-coated bar, GS = hot-dipped galvanized bars,
SS = stainless steel.

2. The service life is the sum of the stage 1 — time to initiation of corrosion and stage 2,
propagation time. The stage 1 initiation time is calculated by the STADIUM ® software
according to the concrete properties input. The stage 2 time of corrosion propagation
varies depending on concrete cover and type of reinforcement. At the end of stage 2
repairs are needed. For a key structure this is often considered to be the end of the
service life given costs for repairs and traffic control, or loss of use. For the BB add 6
years to the initiation time to have time to first required repairs. For ECR add 15 years
and for GS add 17 years for the time for first repair or end of service life. In the case
considered BB, ECR and GS are significantly under the 100 year design life.

3. The service life estimates are based on typical concrete transport properties. For a
specific bridge deck the transport properties for the mixtures being considered should
be determined.

4. The service life results for the bridge can be validated with concrete testing of the
concrete transport properties for concrete mixture design and quality control
procedures.
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Other Considerations

The STADIUM analysis provided a prediction of the depth of sulfate attack that could be
anticipated over the life of the structure. This can be estimated by observing the ettrignite and
monosulfate profiles at 100 years (Appendix A). In the deck the half mark was at approximately
1.25-in. Thus, while one can decrease minimum cover to 1.5 inches with MMFX 2 or SS2305
bars, one might not be able to safely go to 1.25 inch of minimum cover or lower. Thus any
advantage the SS bars might have for use with a higher chloride threshold, might not be
useable.
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Marine Pile

Concrete cover of 3 inches was chosen for the marine pile with typical tolerances of + 0.5
inches. A concrete mixture design representing a low permeability concrete was selected. This
mixture design is shown in Table 9 and designated as Pile Mix LP.

Table 9 Concrete Mixture Designs for Marine Pile

Transport Properties

Material Pile Mix LP
Cement (Ib./yd®) 420
Fly ash (Ib./yd®) 211
Silica fume (Ib.lyd®) 0
Slag (Ib./yd®) 0
Water (Ib./yd®) 197
Fine aggregate (Ib./yd®) 900
Coarse aggregate (Ib./yd®) 2323
Design Air Content 2%
W/B ratio 0.28

TCG estimated concrete transport properties to be used in the STADIUM simulations for the
100 year service life, based upon its in-house data base for similar mixture designs. The values
are given in Table 10. Note as this is a marine pile there will be significant moisture present to
continue the hydration process beyond the initial curing. This is reflected in the hydration

parameter (a).

Table 10 - Transport Properties for STADIUM Simulations Based on TCG

Database-Marine Pile
Porosit IDC* or | Hydration Hydration
. oY | Permeability | OH | Parameter | Parameter -
Mixture ) 1022 m2/ . .
(Volume) | X m°/s | Diffusion a alpha (1/s)
(20) " m‘/s
Pile Mix LP 12.0 13.4 6 0.2 0.004

A low diffusion coefficient (IDC) means that contaminants such as chlorides will diffuse slower
through the concrete. Fly ash, silica fume, and ground granulated blast furnace, and
superplasticizers are used to lower the water-to-binder ratios and IDC.
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Environmental Conditions

The environmental conditions chosen for this case are based on the US Navy Severe Marine
exposure case for Cape Hatteras, NC. The values for temperature, humidity and salt exposure
are given in Table 11.

Table 11 - Summary of Exposure Conditions for Marine Pile

Time
Temperature - Chloride Sulfate Period for
°F) Humidity (RH) | "My | (mmil) | Chioride
(days)
61.7+17.1 100%* 531 27 100

CORROSION SERVICE LIFE RESULTS

The input parameters, listed in Table 9-11, and Table 2 were used with STADIUM® to perform
numerical simulations and estimate the time to corrosion initiation for various reinforcing steel
alternatives.

Table 12 provides a summary of the various results. The STADIUM generated curves are in
Appendix B. Minimum covers of 2 and 2.5 inches corresponding to design covers of 2.5 and 3.0
inches were examined.

Table 12 — Corrosion Service Life for Various Reinforcing Steels-Marine Pile

Concrete Type P”EF',\A'X P”EF',V"X
Exposure Marine Marine
Cover (min.) 2.0 2.5
Reinforcement Type Service(;/_éfaersl?)stimate
Black Bar (BB) 26 37
Microcomposite
(MMEX2) >100 >100
Epoxy Coated
(ECR) 35 46
Galvanized (GS) 64 89
UNS S32304
(SS2304) >100 >100
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Table 12 Notes

1. Table Abbreviations: BB = conventional black bar reinforcement, MMFX 2 = micro-
composite reinforcement, ECR = epoxy-coated bar, GS = hot-dipped galvanized bars,
SS = stainless steel.

2. The service life is the sum of the stage 1 — time to initiation of corrosion and stage 2,
propagation time. The stage 1 initiation time is calculated by the STADIUM ® software
according to the concrete properties input. The stage 2 time of corrosion propagation
varies depending on concrete cover and type of reinforcement. At the end of stage 2
repairs are needed. For a key structure this is often considered to be the end of the
service life given costs for repairs and traffic control, or loss of use. For the BB 6 years
were added to the initiation time to have time to first required repairs. For ECR 15 years
were added and for GS add 17 years were added for the time for first repair or end of
service life. In the cases considered BB, ECR and GS (at 2.0 in. minimum cover) are
significantly under the 100 year design life. The GS almost makes the 100 year service
requirement at the higher 2.5 in. minimum cover.

3. The service life estimates are based on typical concrete transport properties. For a
specific marine pile the transport properties for the mixtures being considered should be
determined.

4. The service life results for the marine pile can be validated with concrete testing of the
concrete transport properties for concrete mixture design and quality control
procedures.

Other Considerations

The STADIUM analysis provided a prediction of the depth of sulfate attack that could be
anticipated over the life of the structure. This can be estimated by observing the ettrignite
and monosulfate profiles at 100 years (Appendix B). In the severe marine exposure the
monosulfate at the 2.25-inch level was approximately half the initial value and there is an
increased ettrignite level. This indicates that the minimum cover should be higher than
2.25 inches so that the reinforcement is in good quality concrete.

A minimum cover of 2.5 inches is required to provide sound concrete around the reinforcing
bars because of the potential depth of sulfate attack in a 100 year period. Thus the higher
chloride threshold for the SS2304 can’t be utilized to move the bars closer to the surface.
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Pile in Severe Soil Exposure

In this example Sl units are being used as the conditions used in this example were obtained
from conditions in the Gulf Cooperation Council (GCC) countries. Concrete cover of 75 mm
was chosen for the soil pile with typical tolerances of + 12.5 mm. A low permeability concrete
mixture with ternary cementitious blend was chosen for this example. The makeup of the
ternary blend is 7.5% silica fume, 25% fly ash and the balance being Type 1 cement. The
mixture design is shown in Table 13 and designated as Soil Pile Mix LP.

Table 13-Concrete mixture for piles in severe soil exposure.

Material Soil Pile Mix LP
Ternary Cement (kg/m®) 425
Water (kg/m®) 149
Fine aggregate (kg/m°) 810
Coarse aggregate (kg/m°) 920
Design Air Content 6.9%

Transport Properties

TCG estimated concrete transport properties to be used in the STADIUM simulations for the
100 year service life, based upon its in-house data base for similar mixture designs. The values
are given in Table 14.

Table 14 - Transport Properties for STADIUM Simulations Based on TCG
Database-Soil Pile

Porosit IDC* or | Hydration | Hydration
Mixture % Y Permzezabiz!ity OH Parameter | Parameter -
(Volume) | X 107" m'/s (?(l)f)fﬂsrlnozg a alpha (1/s)
Soil Pile Mix LP 11 0.96 0.81 0.8 0.005

A lower diffusion coefficient (IDC) means that contaminants such as chlorides will diffuse slower
through the concrete. Fly ash, silica fume, and ground granulated blast furnace, and
superplasticizers are used to lower the water-to-binder ratios and IDC.

Environmental Conditions

The environmental conditions chosen for this case are based on soil conditions in the GCC at a
high rise building site. This is one of the more severe exposures for both chlorides and sulfates.
The sulfate and chloride values used are at the upper limit of those measured to have a
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conservative approach. The values for temperature, humidity and salt exposure are given in

Table 15.

Table 15 - Summary of Exposure Conditions for Soil Pile

Time
Temperature - Sulfate | Chloride | Period for
(°C) Albmey (R (mM/L) (mM/L) Exposure
(daysly)
325+85 100 40 423 365

CORROSION SERVICE LIFE RESULTS

The input parameters listed in Table 13-15 and Table 2 were used with STADIUM® to perform
numerical simulations and estimate the time to corrosion initiation for various reinforcing steel
alternatives and minimum covers. The full results are in Appendix C. Note that though a bridge
model was used the pile conditions were representative of a severe soil exposure.

Table 16 provides a summary of the various results.

Table 16 — Corrosion Service Life for Various Reinforcing Steels-Soil Pile

Concrete Tvpe Soil Pile | Soil Pile | Soil Pile
yp Mix LP | MixLP | Mix LP
Exposure Soll Sall Sall
Cover (min.) 37.5 50 62.5
Rei Estimated Service Life to Initiation
einforcement Type (years)
Black Bar (BB) 18 32 48
Microcomposite
(MMFX2) >100 >100 >100
Epoxy Coated
(ECR) 18 32 48
Galvanized (GS) 57 96 >100
UNS S32304
(SS2304) >100 >100 >100
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Table 16 Notes

1. Table Abbreviations: BB = conventional black bar reinforcement, MMFX 2 = micro-
composite reinforcement, ECR = epoxy-coated bar, GS = hot-dipped galvanized bars,
SS = stainless steel.

2. The service life is the sum of the stage 1 — time to initiation of corrosion and stage 2,
propagation time. The stage 1 initiation time is calculated by the STADIUM ® software
according to the concrete properties input. The stage 2 time of corrosion propagation
varies depending on concrete cover and type of reinforcement. At the end of stage 2
repairs are needed. For a key structure this is often considered to be the end of the
service life given costs for repairs and traffic control, or loss of use. For the BB add 6
years to the initiation time to have time to first required repairs. For ECR add 15 years
and for GS add 17 years for the time for first repair or end of service life. In the case
considered BB, ECR and GS (at 37.5-mm minimum cover) are significantly under the
100 year design life.

3. The service life estimates are based on typical concrete transport properties. For a
specific soil pile the transport properties for the mixtures being considered should be
determined.

4. The service life results for the soil pile can be validated with concrete testing of the
concrete transport properties for concrete mixture design and quality control
procedures.

5. Note that maintaining specified minimum cover in these conditions can be challenging
and both the MMFX 2 and SS 2304 provide a larger safety margin.

Other Considerations

The STADIUM analysis provided a prediction of the depth of sulfate attack that could be
anticipated over the life of the structure. This can be estimated by observing the ettrignite and
monosulfate profiles at 100 years (Appendix C). In the severe soil exposure the monosulfate at
the 25 mm level was approximately half the initial value and there is an increased ettrignite
content. This indicates that the minimum cover should be higher than 30 mm so that the
reinforcement is in good quality concrete. Thus, while one can decrease minimum cover to 25
mm with SS2305 bars, one might not be able to safely go to a specified 50-mm cover. Thus
any advantage the SS bars might have for use with a higher chloride threshold might not be
useable.

Impressed current cathodic protection has been considered as an option in these applications. If
properly installed and maintained, it might meet the life-cycle requirements. Given the high
guantity of steel, rectifier and anode requirements would be high, and initial installation costs
could be greater than or comparable to utilizing more expensive SS bars. In addition, over a
100 year projected life, in the severe environment, rectifiers and connections would most likely
need to be replaced several times, and maintenance would be high. Over a 100 year period
acid produced at the anodes could have a deleterious effect on the concrete.
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SERVICE LIFE COSTS

Service life costs are based upon the initial construction costs and costs of subsequent repairs.
The repair costs should include traffic control costs as well as lost time and fuel costs to users of
the structure to fully capture the costs involved. Even when brought back to a Net Present
Value these costs are substantial, and will overshadow minor differences in the initial costs
Berke and Li (2007). This is the justification for having no major repairs in the 100 year life used
in this study.

Since the black bars can’t meet the 100 year service life without spalling their initial cost
advantage is not a factor. However, there are potential savings in using MMFX 2 on the initial
costs that could actually make these costs comparable to black bars.

As noted in the introduction several studies have been performed that indicate upwards of 33%
reduction of Grade 60 black bar can be replaced by MMFX 2 Grade 100. A structural analysis
of the specific structure needs to be performed to determine how much less MMFX 2 steel could
be safely used.

By substituting MMFX 2 Grade 100 for black bar Grade 60, 1000 tons of black bar could
potentially be replaced with 600 tons of MMFX 2 with the same structural capacity in some
locations. This reduces the overall cost of the fabricated bar by 40% and would lower job site
installation costs as less steel would be handled. Considering only the reduced amount of steel
needed gives an equivalent in place cost of $0.74/Ib. vs. $0.68/Ib. for black bar. Even in
applications where MMFX 2 is treated as Grade 75 there still is a reduction in equivalent cost to
$0.98/Ib. equivalent cost. When installation and handling costs are included, it appears that
MMFX 2 is competitive even in initial costs. Note that the level of steel reduction will depend
upon applicable code requirements and approval by a registered structural engineer.

Stainless steels could also benefit to a lesser extent in a reduction of steel, but given their cost
is over two times that of MMFX 2, MMFX 2 is an attractive alternative

Table 17 shows the increased cost for adding corrosion protection beyond that of black bar as
an initial cost and cost of repairs to meet a 100 year service life for a bridge deck. A 4%
discount rate was used for the cost of money over time to determine a Net Present Price (NPR)
and repairs were assumed to be on 10% of the deck surface at 15 year intervals after the first
repairs. Repair and traffic costs are assumed to be $150/ft>. In addition, there are user costs in
extra fuel consumption and time loss. Finally as mentioned earlier there is a negative effect on
the environment with the increased fuel consumption and added exhausts from the vehicles.

Page 26
May 8, 2012





Reinforcing Steel Comparative Durability Assessment and 100 Year Service Life Cost Analysis

Report
Table 17-Service Life Analysis for Bridge Deck with Repairs
Concrete Type Bridge LP
Total Cost
Exposure Deicing Iniﬁaelbg(r)st 1% Repair | Initial +All
P Salts NPR Repairs
NPR
Cover (min.) 1.5 inches $/ft? $/ft? $/ft?
. Estimate to
Reinforcement Type Initiation (y) 1* Repair (y)
Black Bar (BB) 19 25 8.16 5.62 20.14
Microcomposite
(MMEX 2) >100 >100 14.40 0 14.40
MMFX 2-Gr. 75 >100 >100 11.28 0 11.28
MMFX 2 -Gr. 100 >100 >100 8.64 0 8.64
Epoxy Coated
(ECR) 19 34 9.36 3.95 17.79
Galvanized (GS) 59 76 13.68 0.76 14.86
UNS S32304
(SS2304) >100 >100 30.36 0 30.36
SS2304-Gr. 75 >100 >100 24.96 0 24.96

Notes on Table 17

e NS

Repairs every 15 years starting at 1 repair at $150/ft* (Traffic + Repair)

10% of the surface area is repaired at each time

Discount rate at 4%

Only MMFX 2 and SS2304 options meet requirement of no significant repairs in 100

years.

The analysis in Table 18 shows that MMFX 2 is the lowest cost solution of the various
reinforcing bars used. Utilizing the higher strength, when possible, significantly improves the
cost advantages of MMFX 2. MMFX 2 and SS2304 are the only repair free solutions which was

the design requirement.

The cost of using corrosion resistant bars is only a small percentage of the total cost of the
bridge deck or pile and this is easily recovered by increased service life.
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SUMMARY OF FINDINGS

o Concrete mixture data used in the analysis were based on concretes in TCG’s database.
Transport properties of the concrete mixtures were estimated with the objective of
evaluating the expected service life of various reinforcing steel alternatives in a
representative concrete mixture placed in project specific exposure conditions.
Prequalification testing should be conducted on concrete mixtures proposed for a
specific project to verify the proposed concrete transport properties meet or exceed the
estimated values.

e Numerical simulations were performed using STADIUM® software for the concrete
elements and estimated mixture properties evaluated in this study.

e The criteria define the concrete service life requirements as 100 years before the onset
of spalling to the top portion of the deck slab or outside of the piles.

e An additional requirement is that the bars be at a depth where the concrete quality is
maintained after 100 years of environmental exposure. This is especially important in
marine and soil applications where sulfate contents in the water can be elevated.

e The simulations are based on a “design” concrete cover over the reinforcing. The
design cover is the specified cover minus the placement tolerances. For the service life
analysis 1.5 inches was used for the design concrete cover of the bridge deck to
minimize cracking, and 2.0 and 2.5 inches for the marine pile. The pile in corrosive soil
used metric minimum covers of 37.5, 50, and 62.5 mm.

¢ The examples require corrosion resistant steel to achieve the 100 year service life.
Numerous technical reports were reviewed on the candidate reinforcing steels and the
following is a summary of findings:

1. MMFX 2 (microcomposite) and stainless steel both provide the required 100 year
service life when used with high quality concrete for the concrete elements exposed
to deicing, marine and corrosive soil salt exposures at the specified concrete covers.

2. Solid stainless steel grade 2304 will obtain 100 year service life but have a
significantly higher material cost than MMFX 2.

3. Other degradation mechanisms such as sulfate attack over a 100 year exposure
might require higher minimum concrete cover over the reinforcing bars than required
for chloride protection. This eliminates the advantage that SS bars have over MMFX
bars in uncracked concretes or where cracks have been sealed.

o For elements expected to crack in service that are located in deicing salt exposure,
stainless steel or MMFX reinforcing with supplemental protection systems should be
considered. The slow corrosion rate of stainless steels coupled with a high chloride
threshold will prevent localized corrosion spalls at cracks in low-permeability concrete
over the life of this structure. If stainless steel is not used, ACI 224 indicates that for
concrete in corrosive environments, with cracks larger than 0.008 inches the cracks
should be repaired or treated. Combining MMFX 2 reinforcing with additional protection
systems in zones expected to crack could prove to be a cost-effective alternative to
stainless steel reinforcing. The supplemental protection system at cracks generally
includes materials that provide a barrier at the cracks. The performance of a concrete
corrosion inhibitor at cracks has varied in testing and the effectiveness would be
uncertain.
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¢ Combining conventional reinforcing with MMFX 2 reinforcing is acceptable because the
two steels are electrically similar.

e The structural design may be able to benefit from the higher strength of stainless steel
and MMFX2 reinforcing.

e Project service life specifications requirements can be used for concrete mixture
prequalification, optimization and quality control. This approach would specify actual
concrete transport property testing of the proposed mixture prior to use on the project.

Service Life Design Notes

1. Several factors will affect service life such as: concrete mixture variability, concrete cover,
reinforcing steel system, exposure conditions, surface treatments, concrete delivery system,
and contractor workmanship. These factors should be addressed in the project design and
specifications. .

2. Values for transport properties were approximated using a database of tested concrete
mixtures with similar characteristics and with limited testing of local concrete. The
simulation results are dependent on initial mixture proportioning and on quality control to
maintain concrete quality and the concrete transport properties. .

3. STADIUM® analysis of concrete mixtures provides a method for qualification and quality
control of concrete subjected to aggressive environments. This method is based on
principles of materials science and is designed to provide a solid basis for decision making
for structures that require a long service life.

4. Stadium simulations assume the concrete is macro-defect free (no cracks intersecting the
reinforcement). These assumptions are valid when the following occur:

o Structural systems and concrete reinforcing for bridge decks are designed to
minimize cracking.

o Crack repairs or supplemental protection such as crack sealing or waterproofing
system are provided to mitigate adverse effects from cracking that may occur.
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Design Calculation Date : 05-08-2012 / 15:47:29
Approved by : page 5/7 Engineer @ .......ccocoeeiiiieiiiiees
’ Client : .......
TOURMNEY CONSULTING Project : ....ccoovvvveeiieeeeieen,
GROUP™

Project Database: [ 12033 Bridge Deck Conservative Curin

Content vs. Depth

0.45

— 100 years

0.4

0.351

e
(I
L

0.251

Total Chloride [%)]
o
~

0.151
Critical Threshold for Galvanized

0.1

0,05 |Critical Threshold for Epoxy Coated _ _ =~ ______ Critical Threshold for Black Steel

0 0.5 1 1.5 2 25 3 35 4 45 5 5.5 6 6.5 7 7.5 8
Depth [in]

Data for project: 12033 Bridge Deck Conservative Curing - Structural element [Deck]

Deck Dimension (in) = 8. OH- Diffusion Coeff. (e-11 m?/s)= 2.00 TEEE
Scenario Duration (years) = 100 Saturation at 50% R.H.= 0.55 iE3 £
Temperature (°F) = 73.4 Age of First Exposure (days)= 28 Q__%,. 3! .

i Water/Binder Ratio = 0.38 Age at Lab Testing (days)= 28 = © SIMCO Technologies Inc. 2012

x=l Binder Content (Ib/yd3) = 699 Hydration Param. - a = 1. _ All rights reserved

Total Aggregates (Ib/yd3) = 2874 Hydration Param. - alpha (1/s) = 1.500E-03 9
Binder Density (Ib/yd3) = 5115 Thermal Conductivity (W/m.K) = 2.000E+00
Porosity = 0.12 Specific Heat (J/kg/K) = 1.000E+03 STADIU mM* STADIUM® VERSION 2.997
Cement Type = TYPE |
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TOURMNEY CONSULTING Project : ....ccoovvvveeiieeeeieen,
GROUP™

Project Database: [ 12033 Bridge Deck Conservative Curin

Content vs. Time

0.3

0.251

o
s

0.151

Critical Threshold for Galvanized

Total Chiloride [%4]

e
—
L

0.05 | Critical Threptfold for EpoxyGoifed _ __ ___——"_ e Critical Threshold for Black Steel

u I I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100

Duration [year]

Data for project: 12033 Bridge Deck Conservative Curing - Structural element [Deck]

e

Deck Dimension (in) = 8. OH- Diffusion Coeff. (e-11 m#/s)= 2.00

Scenario Duration (years) = 100 Saturation at 50% R.H.= 0.55 FEE:
Temperature (°F) = 73.4 Age of First Exposure (days)= 28 Q__%,. g
e Water/Binder Ratio = 0.38 Age at Lab Testing (days)= 28 = ) © SIMCO Technologies Inc. 2012
x=l Binder Content (Ib/yd3) = 699 Hydration Param. - a = 1. _ ;
Total Aggregates (Ib/yd3) = 2874 Hydration Param. - alpha (1/s) = 1.500E-03 Al I‘IghtS reserved
Binder Density (Ib/yd3) = 5115 Thermal Conductivity (W/m.K) = 2.000E+00
Porosity = 0.12 Specific Heat (J/kg/K) = 1.000E+03 STADIU mM* STADIUM® VERSION 2.997

Cement Type = TYPE |
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Approved by :

Engineer @ .......ccocoeeiiiieiiiiees

page 4/7 Client : .......

rin

TOURNEY CONSULTING Project : .. .
GROUP Project Ref.: ...ococvvveveeeeeeerenne
Project Database: [ 12033 Bridge Deck Conservative Cu
Content vs. Depth
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Depth [in]

Data for project: 12033 Bridge Deck Conservative Curing - Structural element [Deck]

Deck

Dimension (in) = 8.

Scenario Duration (years) = 100
Temperature (°F) = 73.4
Water/Binder Ratio = 0.38
Binder Content (Ib/yd3) = 699
Total Aggregates (Ib/yd3) = 2874
Binder Density (Ib/yd3) = 5115
Porosity = 0.12

Cement Type = TYPE |

OH- Diffusion Coeff. (e-11 m?/s)= 2.00
Saturation at 50% R.H.= 0.55

Age of First Exposure (days)= 28

Age at Lab Testing (days)= 28

Hydration Param. - a = 1.

Hydration Param. - alpha (1/s) = 1.500E-03
Thermal Conductivity (W/m.K) = 2.000E+00
Specific Heat (J/kg/K) = 1.000E+03
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APPENDIX B
STADIUM® Marine Pile Results
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Approved by :
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Client: ..........
Project : ....

page 2/8

Project Database: [ Marine Pile HP.sdb ]

Pile
Structure Type: Marine
Structural Element Type: [Pile]

Binder Composition

Diffusion Coefficient (e-11 m3s)- a=.2 - alpha=4.00

Material Name: 18.00
[Modified Material - for Pile] 16.00
Cement Type TYPE |
Water/Binder Ratio 0.28 14.00 4
Cement Content: (Ib/yd3) 494
SCM #1: Fly Ash F (Ib/yd?) 211 12.00 1
SCM #2: None (Ib/yd?3) 0 10.00
SCM #3: None (Ib/yd?3) 0 .
Fine Aggregates: (Ib/yd?) 900 Cemeent 2.00 -
Coarse Aggregates: (Ib/yd3) 2323 T01%
Water: (Ib/yd3) 197 .00 -
Air: [%] 2.0
Material Density: (Ib/ft3) 153 4.00
Mixture Volume: (ft3) 26.819
Paste Volume: [%] 25.94 2-““'{
0.00 T T T
1] 10000 20000 30000 40000
Time [days]
Cement Composition Fly Ash F Composition
CaQ
G4 7%
Al2o3
24 3%
Si02
19.58% 503
Aoz =
5 7o, 0.2%
45w B 15.1%
Fel03
2.3%
Data for project: Marine Pile HP - Structural element [Pile]
page 2/8

Submerged Pile pimension (in) = 8.

Scenario Duration (years) = 100
Temperature (°F) = 73.4
Water/Binder Ratio = 0.28
Binder Content (lb/yd3) = 705
Total Aggregates (Ib/yd3) = 3223
Binder Density (Ib/yd3) = 4956
Porosity = 0.12

Cement Type = TYPE |

= x= radius

+
x={

OH- Diffusion Coeff. (e-11 m#s)= 6.00
Saturation at 50% R.H.= 0.58

Age of First Exposure (days)= 28

Age at Lab Testing (days)= 28

Hydration Param. - a=0.2

Hydration Param. - alpha (1/s) = 4.000E-03
Thermal Conductivity (W/m.K) = 2.000E+00
Specific Heat (J/kg/K) = 1.000E+03
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Date : 05-08-2012 / 16:08:43
Engineer @ .......ccocoeeiiiieiiiiees
Client : ....

TOURMEY COMNSULTING ProJECt © cvvevveieceieieceeie e
GROUP Project Ref.: ...ococvvveveeeeeeerenne
Project Database: [ Marine Pile HP.sdb ]
Location: Cape Hatteras - Exposure Type: UFGS - Severe - Element Type: Pile
Chloride Temp. Humidity Sulfate
[mmoli ] [F] B Temperature B Humidity B Chloride W Sulfate (%] [mmoll ]
1204 120 100 -120
100+ 100 - L a0 -100
20 - B0 - - &0
- EQ
G0~ Gl &0
401 401 40 - 40
20 20 - 20 L 20
0- n T T T T n -0
0 73 146 219 282 365
Time [days] at x=Center
Location: Cape Hatteras - Exposure Type: UFGS - Severe - Element Type: Pile
Chloride Temp. Humidity Sulfate
[mmoli ] [F] B Temperature B Humidity B Chloride W Sulfate [%] [mmoli ]
1000 4 100 100 1000
G300+ G0+ &0 FE00
GO0+ G0 B0 - 600
400 - 40 40 400
2004 204 F20 - 200
0- n T T T T 1] -0
0 73 146 9 202 365

Time [days] at x=R

Data for project: Marine Pile HP - Structural element [Pile] - Scenario: INITIAL

Submerged Pile

Dimension (in) = 8. OH- Diffusion Coeff. (e-11 m?s)= 6.00
Scenario Duration (years) = 100 Saturation at 50% R.H.= 0.58

Temperature (°F) = 73.4 Age of First Exposure (days)= 28
Water/Binder Ratio = 0.28 Age at Lab Testing (days)= 28

Binder Content (Ib/yd3) = 705 Hydration Param. - a = 0.2

Total Aggregates (Ib/yd3) = 3223 Hydration Param. - alpha (1/s) = 4.000E-03
Binder Density (Ib/yd3) = 4956 Thermal Conductivity (W/m.K) = 2.000E+00
Porosity = 0.12 Specific Heat (J/kg/K) = 1.000E+03
Cement Type = TYPE |

Piiii page 3/8
Q_Eii " © SIMCO Technologies Inc. 2012
- All rights reserved
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Approved by :

Engineer @ .......ccocoeeiiiieiiiiees

page 5/8 Client : .......

TOURNEY CONSULTING Project : .. .
GROUP Project Ref.: ...ococvvveveeeeeeerenne
Project Database: [ Marine Pile HP.sdb ]
Content vs. Depth
4000
— 100 years
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o
'gzmmﬁmbwwyﬂ@EEWUuwmwl _____________________________________________
=
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™
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- | N e _ _ _ | Lritical Threshold for Galvanized
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spp JCritical Threshold for Epoxy Coated | = T/, ! Critical Threshold for Black Steel

u T T 1 T T 1 T T T 1 T T T 1
0 0.5 1 15 25 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

Depth [in]

Data for project: Marine Pile HP - Structural element [Pile]
Submerged Pile Dimension (in) = 8.

Scenario Duration (years) = 100
Temperature (°F) = 73.4
Water/Binder Ratio = 0.28
Binder Content (Ib/yd3) = 705
Total Aggregates (Ib/yd3) = 3223
Binder Density (Ib/yd3) = 4956
Porosity = 0.12

Cement Type = TYPE |

Xx= radius

OH- Diffusion Coeff. (e-11 m?/s)= 6.00
Saturation at 50% R.H.= 0.58

Age of First Exposure (days)= 28

Age at Lab Testing (days)= 28

Hydration Param. - a = 0.2

Hydration Param. - alpha (1/s) = 4.000E-03
Thermal Conductivity (W/m.K) = 2.000E+00
Specific Heat (J/kg/K) = 1.000E+03

H
i

prrs
(TS

© SIMCO Technologies Inc. 2013
All rights reserved

STADIUM® STADIUM® VERSION 2.997






166

Design Calculation
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Date : 05-08-2012 / 16:08:43

Approved by :

Engineer @ .......ccocoeeiiiieiiiiees

page 6/8 Client : .......

TOURMNEY CONSULTING Project @ ...ccoeeiiiieiieeee
GROUP Project Ref.: ...ococvvveveeeeeeerenne
Project Database: [ Marine Pile HP.sdb ]
Content vs. Time
3500
— 1.5[in]
— 2.0[in]
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E
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@
=
|-
o
=
O 1500
S N S A S N R ___—erffical Threshold for Galvanized
|_
1000 1
5pp JCritical ThreshgldTor Epoxy Coafed  _—— e Critical Threshold for Black Steel
I] - T T T T T T T T T
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Duration [year]

Data for project: Marine Pile HP - Structural element [Pile]

Submerged Pile

Dimension (in) = 8.

Scenario Duration (years) = 100
Temperature (°F) = 73.4
Water/Binder Ratio = 0.28
Binder Content (Ib/yd3) = 705
Total Aggregates (Ib/yd3) = 3223
Binder Density (Ib/yd3) = 4956
Porosity = 0.12

Cement Type = TYPE |

OH- Diffusion Coeff. (e-11 m?/s)= 6.00
Saturation at 50% R.H.= 0.58

Age of First Exposure (days)= 28

Age at Lab Testing (days)= 28

Hydration Param. - a = 0.2

Hydration Param. - alpha (1/s) = 4.000E-03
Thermal Conductivity (W/m.K) = 2.000E+00
Specific Heat (J/kg/K) = 1.000E+03
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Approved by :

Engineer :

page 4/8 Client : .

TOURNEY CONSULTING Project : ....
GROUP Project Ref.: ...ococvvveveeeeeeerenne
Project Database: [ Marine Pile HP.sdb ]
Content vs. Depth
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Data for project: Marine Pile HP - Structural element [Pile]
Submerged Pile Dimension (in) = 8.
Scenario Duration (years) = 100
Temperature (°F) = 73.4
Water/Binder Ratio = 0.28
Binder Content (Ib/yd3) = 705
Total Aggregates (Ib/yd3) = 3223
Binder Density (Ib/yd3) = 4956
Porosity = 0.12

Cement Type = TYPE |

Xx= radius

OH- Diffusion Coeff. (e-11 m?/s)= 6.00
Saturation at 50% R.H.= 0.58

Age of First Exposure (days)= 28

Age at Lab Testing (days)= 28

Hydration Param. - a = 0.2

Hydration Param. - alpha (1/s) = 4.000E-03
Thermal Conductivity (W/m.K) = 2.000E+00
Specific Heat (J/kg/K) = 1.000E+03
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STADIUMP® Soil Pile Results





[ [ ¥

TOURMNEY CONSULTING
GROUP™

Severe Soil Plle

© SIMCO Technologies Inc. 2012
All rights reserved

STADIUM® VERSION 2.997

STADIUM® SIMULATION REPORT

Location: Saudii Arabia

Structure Type: Bridge

May. 08, 2012

t:5 33

D

STRDIUM®

www.simcotechnologies.com






Design Calculation

This Product is licensed to: NBerke2
Date : 05-08-2012 / 16:15:11

166

TOURMNEY CONSULTING
GROUP™

Approved by :

ENgiNeer : .....ccccovvveviieiieiicee
Client : .......
Project : ........
Project Ref.: ..

page 2/7

Project Database: [ Severe Soil Plle.sdb ]

Pile - Column

Structure Type: Bridge
Structural Element Type: [Pile - Column]

Binder Composition

Diffusion Coefficient (e-11 m3s)- a=.8 - alpha=5.00

Material Name: 1.40
[Modified Material - for Pile - Column]
Cement Type Pre-Blended Ternary 1204
Water/Binder Ratio 0.35
Cement Content: (kg/m?3) 425 1.00
SCM #1: None (kg/m3) 0
SCM #2: None (kg/m3) 0 0.80 -
SCM #3: None (kg/m3) 0
Fine Aggregates: (kg/m3) 810 .
Coarse Aggregates: (kg/ms) 920 0.60 1
Water: (kg/m3) 149 ;
Air: [%] 6.9 o 0,40
Material Density: (kg/m3) 2304
Mixture Volume: (m3) 1.016 0.20 -
Paste Volume: [%)] 30.05
0.00 T T T
Cement 0 10000 20000 30000 40000
100.0% Time [days]
Cement Composition
CaQ
47 1% 30.2%
Al2oF
8.6%
£02
Others 3.2%
71% Fe203
3.8%
Data for project: Severe Soil Plle - Structural element [Pile - Column]
page 2/7

Pile/Column  Dimension (mm) = 200.0
Scenario Duration (years) = 100
Temperature ( °C) = 23.0
Water/Binder Ratio = 0.35
Binder Content ( kg/m3) = 425
Total Aggregates ( kg/m3) = 1730
Binder Density ( kg/m?3) = 2800

"

! X=radins

Porosity = 0.109
Cement Type = Pre-Blended Ternary

OH- Diffusion Coeff. (e-11 m#s)= 0.81
Saturation at 50% R.H.= 0.66

Age of First Exposure (days)= 28

Age at Lab Testing (days)= 28

Hydration Param. - a=0.8

Hydration Param. - alpha (1/s) = 5.000E-03
Thermal Conductivity (W/m.K) = 2.000E+00
Specific Heat (J/kg/K) = 1.000E+03
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All rights reserved
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TOURMEY COMNSULTING ProJECt © cvvevveieceieieceeie e
GROUP Project Ref.: ...ococvvveveeeeeeerenne
Project Database: [ Severe Soil Plle.sdb ]
Location: Saudii Arabia - Exposure Type: Custom exposure type - Element Type: Pile - Column
Chloride Temp. Humidity
[mmoll]  [*C] B Temperature B Humidity B Chloride [l
1204 120 100
100+ 100+ L &0
80 - 20 -
- B0
G0~ G0 -
40 4 40 4 40
20 20 -2
I:I - I:I T T T T I:I
1] 73 146 219 292 369
Time [days] at x=Center
Location: Saudii Arabia - Exposure Type: Custom exposure type - Element Type: Pile - Column
Chloride Temp. Humidity
[mmoll]  [*C] B Temperature B Humidity B Chloride [l
G000 - a0 100
600 40+ - &0
304 - G0
400 -
201 - 40
e TN 20
I:I - I:I T T T T I:I
1 73 146 9 292 365

Time [days] at x=R

Data for project: Severe Soil Plle - Structural element [Pile - Column] - Scenario: INITIAL

Pile/Column

X= radius

Dimension (mm) = 200.0

Scenario Duration (years) = 100

= ‘—l Temperature ( °C) = 23.0
Water/Binder Ratio = 0.35

Binder Content ( kg/m3) = 425

Total Aggregates ( kg/m3) = 1730

Binder Density ( kg/m3) = 2800

Porosity = 0.109

Cement Type = Pre-Blended Ternary

OH- Diffusion Coeff. (e-11 m?/s)= 0.81
Saturation at 50% R.H.= 0.66

Age of First Exposure (days)= 28

Age at Lab Testing (days)= 28

Hydration Param. - a = 0.8

Hydration Param. - alpha (1/s) = 5.000E-03
Thermal Conductivity (W/m.K) = 2.000E+00
Specific Heat (J/kg/K) = 1.000E+03

page 3/7
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All rights reserved

STADI U m®

STADIUM® VERSION 2.997






Design Calculation

This Product is licensed to: NBerke2
Date : 05-08-2012 / 16:15:11

[ [ ¥

Approved by - o
TOURNEY COMSULTING Project @ ...ccoeeiiiieiieeee
GROLUP™ Project Ref.: ....c.ccocveveevieriensennns
Project Database: [ Severe Soil Plle.sdb ]
Content vs. Depth
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10001
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2[":"]__ ; -_' _________________________________________________

Critical Threshold for Galvanized

Critical Threshold for Black Steel

80 100 120 140 160 180
Depth [mm]

200

Data for project: Severe Soil Plle - Structural element [Pile - Column]

Pile/Column  Dimension (mm) = 200.0
Scenario Duration (years) = 100
‘—l Temperature ( °C) = 23.0
. Water/Binder Ratio = 0.35

X=radins  Binder Content ( kg/m?) = 425
Total Aggregates ( kg/m3) = 1730
Binder Density ( kg/m3) = 2800
Porosity = 0.109
Cement Type = Pre-Blended Ternary

OH- Diffusion Coeff. (e-11 m?/s)= 0.81
Saturation at 50% R.H.= 0.66

Age of First Exposure (days)= 28

Age at Lab Testing (days)= 28

Hydration Param. - a = 0.8

Hydration Param. - alpha (1/s) = 5.000E-03
Thermal Conductivity (W/m.K) = 2.000E+00
Specific Heat (J/kg/K) = 1.000E+03
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Client : .......
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page 6/7

TOURNEY CONSULTING
GROUP Project Ref.: ...ococvvveveeeeeeerenne
Project Database: [ Severe Soil Plle.sdb ]
Content vs. Time
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0 10 20 30 40 50 60 70 80 a0 100

Duration [year]

Data for project: Severe Soil Plle - Structural element [Pile - Column]

Pile/Column

X= radius

Dimension (mm) = 200.0

Scenario Duration (years) = 100
Temperature ( °C) = 23.0
Water/Binder Ratio = 0.35

Binder Content ( kg/m3) = 425

Total Aggregates ( kg/m3) = 1730
Binder Density ( kg/m3) = 2800
Porosity = 0.109

Cement Type = Pre-Blended Ternary

OH- Diffusion Coeff. (e-11 m?/s)= 0.81
Saturation at 50% R.H.= 0.66 |
Age of First Exposure (days)= 28 1 .

Age at Lab Testing (days)= 28 = © SIMCO Technologies Inc. 2012
Hydration Param. - a = 0.8 _ i

Hydration Param. - alpha (1/s) = 5.000E-03 Al I‘IghtS reserved

Thermal Conductivity (W/m.K) = 2.000E+00
Specific Heat (J/kg/K) = 1.000E+03 STADIU mM* STADIUM® VERSION 2.997
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Approved by :

Engineer :

page 4/7 Client : .

TOURNEY CONSULTING Project : .....
GROLIP™ Project Ref.: ...ococvvveveeeeeeerenne
Project Database: [ Severe Soil Plle.sdb ]
Content vs. Depth
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Data for project: Severe Soil Plle - Structural element [Pile - Column]

Pile/Column  Dimension (mm) = 200.0
Scenario Duration (years) = 100
= ‘—l Temperature ( °C) = 23.0
. Water/Binder Ratio = 0.35
. X=radins  Binder Content ( kg/m?) = 425
Total Aggregates ( kg/m3) = 1730
Binder Density ( kg/m3) = 2800
Porosity = 0.109
Cement Type = Pre-Blended Ternary

OH- Diffusion Coeff. (e-11 m?/s)= 0.81
Saturation at 50% R.H.= 0.66

Age of First Exposure (days)= 28

Age at Lab Testing (days)= 28

Hydration Param. - a = 0.8

Hydration Param. - alpha (1/s) = 5.000E-03
Thermal Conductivity (W/m.K) = 2.000E+00
Specific Heat (J/kg/K) = 1.000E+03
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APPENDIX D

Key Degradation Mechanisms

Durability Challenge — Numerous concrete distress mechanisms must be addressed in order to
obtain the 100-year service life defined above. Almost universally, concrete distress
mechanisms are related to the ingress of moisture. All the distress mechanisms common in the
warm, humid, river regions produce cracks in the concrete which then accelerates moisture and
chemical ingress and further distress. The durability challenge is to mitigate the multiple
distress mechanisms described below while optimizing cost and performance.

The following list of degradation mechanisms are common and were addressed within the TCG
durability analysis.

Reinforcement Corrosion — Reinforcement corrosion is the most prevalent and costly distress
mechanism for concrete structures. Normally, reinforcing steel is protected by a passive iron
hydroxide surface film that forms in the alkaline environment inside Portland cement concrete.
However, this protection can be broken when aggressive contaminates such as chloride ion
penetrate into the concrete, or the pH inside the concrete drops due to ingress of carbon dioxide
in the air, or from localized leaching of the alkali hydroxides at cracks.

Once this passive film is broken, the reinforcing steel begins to corrode and produce expansive
rust products. These iron oxides occupy a volume that is between 4 to 7 times the volume of
the steel consumed, so corrosion occurs for several years without any outward sign of damage
to the concrete. Eventually the iron oxide expansion builds enough pressure to crack the
concrete and cause spalling.

Two types of corrosion are common, general corrosion of the steel caused by carbonation
(chemical reaction with carbon dioxide gas), and pitting corrosion commonly associated with
localized attack by chloride ion or leaching at cracks.

General corrosion normally occurs when the concrete cover to the reinforcing steel is
inadequate, or when porous concrete ages to a point where the depth of carbonation reaches
the reinforcing. General corrosion is best mitigated by using low permeability concrete and
enforcing concrete cover requirements during construction. If a structure suffers from
carbonation, the concrete alkalinity can be restored through chemical treatments.

Pitting corrosion is the most common distress mechanism effecting reinforced concrete with
chloride ion contamination. There are numerous techniques to mitigate pitting corrosion, and
each has an associated cost and performance limitations.

The most common corrosion mitigation techniques include:

Increase concrete cover depth,

reduce concrete permeability,

corrosion-inhibiting admixtures,

corrosion-resistant reinforcing steel / alloys, galvanized reinforcing,
Crack and shrinkage control,





Flexural cracking control in design and structural system selection,
Curing extended 3 or 7 days,

Barrier coatings or sealers on the concrete,

Cathodic protection.

Fresh Water and Seawater Attack — Freshwater attack is not relevant in these analyses.
Freshwater exposure distress is characterized by increased porosity and flaking of the surface
in and below the zone from low to high water. This distress is a complex process involving
calcium leaching and carbonation.

Seawater attack is the phenomena associated with the gradual deterioration of the surface in
seawater. This distress is characterized by increased porosity and flaking of the surface in and
below the tidal zone. This distress is a complex process involving a combination of calcium
leaching, sulfate attack, salt crystallization distress, and microbial attack. Sulfate attack
mitigation techniques are effective against seawater attack.

Delayed Ettringite Formation (DEF) — Delayed ettringite formation is a phenomenon that occurs
when concrete overheats. If the internal concrete temperature exceeds 72 degrees C, the
ettringite crystals that form in the early stages of cement hydration begin to dissolve or melt.
These dissolved crystals then disperse within the cement paste and reform in voids after the
concrete cools. Unfortunately, ettringite crystal formation is a very expansive reaction.
Normally this expansion has little impact when the concrete is in the plastic state, but it is
extremely disruptive once the concrete has hardened.

DEF is not common, because it is easily mitigated through temperature controls. Ettringite
crystal expansion is often associated with sulfate attack.

Volume Change / Cracking — Concrete undergoes chemical and thermal volume change during
the exothermic chemical reactions known as cement hydration; elastic volume change in
response to changes in temperature; and drying shrinkage once hardened. If this volume
change is restrained, either externally or internally by temperature or moisture gradients tensile
stress is developed within the concrete, which can cause cracking.

During the first few days after casting concrete undergoes radical changes in temperature at a
time when it has very little strength. As the cementitious materials hydrate, heat is liberated and
strength increases.

The temperature rise in the concrete is directly related to the volume to surface area ratio and
the quantity of cementitious materials and their chemical heat of hydration. If the concrete
element is thin and has a large surface area, such as a slab, the temperature rise is small.
However, if the concrete elements are massive, very little heat is lost from the core of the
placement so the temperature rise can reach 70 degrees F or more. Since heat is dissipated
from the surface through evaporation, a temperature differential develops between the surface
and the core.

Elastic volume changes directly related to the temperature differential can cause both small and
large cracks to occur at the surface. These cracks can occur any time in the first month after
casting, but are more frequent in the first week or so when construction operations, such as
form removal increase the temperature differential.





The most common techniques to mitigate thermal cracking are related to mixture proportioning,
temperature monitoring and timing of construction practices. Reducing the core temperature
rise through cement reduction and replacement with supplementary cementitious materials is
the most common mixture proportioning practice.

Timing construction operations to avoid thermal shock is essential to producing macro-defect
free mass concrete. One key principal is to slowly cool the concrete, which may require
covering or insulating the surface. Maintaining the heat from cement hydration also allows more
rapid strength gain, and permeability reduction.

Drying shrinkage is primarily related to the evaporation of water from the concrete after
hardening. The magnitude of this volume change is a function of the cement paste volume the
water-to-cement ratio, and the aggregate quality. If drying shrinkage volume change is
restrained, cracks develop.

Methods to mitigate the influence of drying shrinkage cracks include: reducing sources of
restraint, providing control joints, reducing the total cementitious materials content, keeping the
water to cement ratio between 0.35 and 0.43, and / or use of shrinkage reducing admixtures.
Drying shrinkage cracks often negate the low permeability of high strength concrete that is
proportioned with high cementitious content and a low water to cement ratio. Minimizing the
cement paste volume, using good aggregate, and providing sufficient water for hydration are the
keys to minimizing drying shrinkage cracking.

Sulfate attack — Sulfate contamination from ground water, gypsum-contaminated soils, brackish
water, and chemical process industries causes expansion to occur. Sulfate attack occurs when
external sulfate ion combines with aluminate phases of the cement to form ettringite in the
presence of moisture. Ettringite crystal expansion produces progressive failure, commonly from
the exposed surface inward. This distress relates to a loss of protective concrete cover over the
reinforcing system.

Techniques used to mitigate sulfate attack are reducing permeability, concrete strength greater
than 4500 psi (31 MPa), limiting water ingress, ensuring proper consolidation, extended moist
curing, and using sulfate resistant cements.

The soils in Louisville Kentucky and Utica Indiana can be tested for sulfates in the groundwater
and soil.

Alkali-aggregate reaction — Certain minerals commonly found in aggregates chemically react
with the alkali hydroxides in cement. There are two primary classifications alkali-silica reaction
(ASR), and alkali-carbonate reaction (ACR). Alkali-silica reaction is by far the most prevalent
form of distress, as most aggregate minerals contain silica.

The alkali hydroxides in cement dissolve the silica and form a gel that expands when it comes in
contact with water. This gel expansion first fills cracks and voids in the aggregate and cement
paste until there is no further room to expand. Further gel expansion develops internal stress in
the concrete and causes cracking in both the paste and aggregate. AS such, ASR distress is
characterized by an induction period with little outward sign of distress, followed by progressive
cracking with gel exudation, followed by progressive spalling and generally slow deterioration of
the concrete. Typical service lives of structures effected by ASR range from 15 to 50 years.





The ASR chemical reaction occurs at various rates depending on the combination of
cementitious materials, aggregate minerals, temperature, and exposure to water. Because of
the almost infinite possible combinations of materials, there is no recognized procedure for
predicting the life expectancy for structures suffering from ASR. The best predictor for ASR
service life is service history of the aggregate placed in similar concrete mixtures and
environment.

Alkali-aggregate reaction is best mitigated by identifying reactive aggregates prior to mixture
proportioning. If an aggregate is found to be reactive, the concrete mixture can be modified by
replacing a portion of cement with supplementary cementitious materials, and/or admixing
lithium nitrate solution. Once a structure is built and is found to be suffering from ASR, there is
not much that can be done other than topical treatment or injection with lithium nitrate, which
only hinders the expansive reaction in the treated area at the surface.

For massive structural elements in a wet environment, ASR must be mitigated prior to
placement if a 100-year service life is to be expected. The aggregates proposed for concrete
should also be tested before including in concrete mixtures. Project specifications should
include these minimum requirements for ASR testing.
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Uncoated Corrosion Resistant Steel Bar

Williams Form Engineering is proud to bring to the civil engineering market the most technologically advanced cor-
rosion resistant steel utilizing the MMFX Steel technology. MMFX steel supplied by Williams conforms to ASTM A1035
Grade 120 with tensile and yield strengths of 150 ksi and 120 ksi respectively. Additionally, it is provided with the
Williams Form Engineering proprietary thread form that conforms to the deformation pattern requirements of ASTM
A615. This thread form is currently used in many civil engineering applications around the globe.

The technology of MMFX steel is specially formulated out of a low carbon, chromium alloy steel that lacks the typical
grain boundaries of carbides and ferrites found in conventional carbon steel. It is this matrix of carbides and ferrites
which cause a “battery like” effect and corrodes conventional steel from the inside out. Steel produced from MMFX nan-
otechnology minimizes the formation of a corrosive current and at least a four-fold increase in longevity is realized over
conventional carbon reinforcing steels when encased in concrete. The resulting MMFX steel provides high strength,
good ductility and provides corrosion resistance without the use of coatings.
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R41 MMFX Steel All-Thread-Bar - Astm A1035

4 1 ﬁMMM

. . Minimum Minimum Minimum . .
o pesignation. | Net Area Uitimate Nominall  [seproximate Thread) Pt
Thru Threads Strength Strength 9 |
#6 - 3/4" 0.44 in? 66 kips 52.8 kips 1.5 Ibs./ft. 7/8" R41-06
(19 mm) (284 mm?) (245 kN) (196 kN) (2.36 Kg/M) (22.2 mm)
#7 -7/8" 0.60 in? 90 kips 72 kips 2.0 Ibs./ft. 1" R41-07
(22 mm) (387 mm?) (400 kN) (320 kN) (3.04 Kg/M) (25.4 mm)
#8-1" 0.85 in? 128 kips 102 kips 3.09 Ibs./ft. 1-1/8" R41-08
(25 mm) (549 mm?) (567 kN) (454 kN) (4.6 Kg/M) (28.6 mm)
#9 - 1-1/8" 1.00 in? 150 kips 120 kips 3.4 Ibs./ft. 1-1/4" R41-09
(29 mm) (645 mm?) (667 kN) (534 kN) (5.06 Kg/M) (31.8 mm)
#10 - 1-1/4" 1.25in? 188 kips 150 kips 4.51 Ibs./ft. 1-7/16" R41-10
(32 mm) (807 mm?) (834 kN) (667 kN) (6.71 Kg/M) (36.5 mm)
#11 - 1-3/8" 1.58 in? 237 kips 190 kips 5.71 Ibs./ft. 1-9/16" R41-11
(36 mm) (1019 mm?) (1054 kN) (843 kN) (8.50 Kg/M) (39.7 mm)
#14 - 1-3/4" 2.60 in? 390 kips 312 kips 9.06 Ibs./ft. 2" R41-14
(43 mm) (1664 mm?) (1735 kN) (1388 kN) (13.48 Kg/M) (50.8 mm)

Advantages of MMFX Steel

* High Strength + Corrosion Resistance = Lower Costs (100+ year service life)
The high strength of MMFX Steel allows the use of smaller bar sizes to provide equivalent strength when traditional
reinforcing steel is used in design.

* Mitigates future repair costs since MMFX Steel is more than four times more corrosion resistant than traditional
carbon steel.

* No coatings required — MMFX Steel technology eliminates the need for coatings that are used on conventional
reinforcing steel, reducing coating costs, procurement time and eliminating the need for costly coating inspection and
repair prior to steel installation.

* Material handling issues — Since no coating is required with MMFX Steel, no special handling is required to protect
coatings from damage.

* All-Thread Bar — Versatile and robust thread form allows unlimited field splicing and end attachment possibilities.
* Provides lower costs and higher strengths compared to stainless steels.

* Cost competitive with ASTM A722 galvanized bar.

* Meets the mechanical properties of ASTM A722.

* Material and weight savings as compared to sacrificial steel corrosion protection designs.

* MMFX Steel conforms to the ductility requirements of conventional ASTM A615 Grade 75 reinforcing steel.
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R42 Stop-Type Coupling - Astm A29

Fasteners

R43 Hex Nut-astm A29

Bar Desig. & Outside Overall Part Bar Desig. & [ Across Across Thickness Part
Nominal Dia. Diameter Length Number Nominal Dia. Flats Corners Number
(1 mm) @iomm | @2smm | 4200 Boom | Glomm | cosmm) | @83mm | RiS08
&2 mm) (@B6nmm) | @5smm | R4207 Gommy | @65mm | @22mm) | @asmm | R4307
(gg r-n:‘r:) (41.?/:;11) (13231/3:11) R42-08 (gg r-‘n:‘rl;) (41.?/:;11) (512.'39$n"m) (50.§"mm) R43-08
"o mm) cobmm | zimm | R4209 omm | 0smm) | Garmm) | (572mm) | R4309
“rmm | er2mm | o3mm | Ré10 o | soamm | @oomm | 63amm | R4
“Gomm | @35mm | domm | R4 Flsmmy | @3amm | a3emm) | ©aomm | R4
Ydsmm | gezmm | @lemm | R4 Fdsmmy | assmm | @omm | @amm | R414
R9F Hardened Washers - Astm Fa36 R43-JN Jam Nuts - AsTm A29
Nominal Dia.| Diameter | Diameter | TMiokness | nimb, Nominal Dia. | 'Fiats | Thickness | ol
(o mm) | (445 mm) | (238 mm) | (3.57 am) | ROF07-436 (Gomm | (lamm | (27mm | Re306N
Gamm) | (508 mm) | @86 mm) | (397 mm) | ROF-08-436 Gommy | @66mm) | (127mm) | R4SOTN
Gomm) | (572 mm) | 318 mm) | (357 mm) | ROF-09-436 (5% mm) @ Smm | (127mm | Re3-08N
oo mm) | (552 mm) | (318 mm) | (2.97 mm) | ROF-09436 g (50.8 mm) (1580mm) R43-09JN
#1(32' r1nr31/) | @88 | @81 mm) (3.8/73?11"m) ROF-11-436 #1(gi r1nr11/)4 (53.-21/r‘:\nm) (15.5548r:1m) R43-10JN
e mm | 763 mm) | @lShm | @97 mm) | ROF-12438 Hesmm | @somm) | 75mm | ReSNN
“dsmm) | (@33 mm) | (540 mm) | (556 mm) | ROF-16-436 Miimmy | osmm | (omm | RAS4N

These Jam Nuts can not be substituted for full strength nuts and can
not be used on bars other than MMFX Steel of the same diameter.

R8M Beveled Washers - ASTM A47 or ASTM A536

Bar Desig. & | Degree | Outside Inside Maximum | Minimum Part
Nominal Dia. |of Bevel| Diameter | Diameter | Thickness | Thickness| Number
tomm | 9 |08 mm | @54 mm | (135 mm) | 695mm | REWO7
?272}71@')' o (50.3"mm) (310'.%/?;1) (149.{'51?1:m) (6.?:15/4r:1m) R8M-09
(gg ;n:;) 10° (%5227/%%;) (313'.2/?;1) (22.72/8r:1m) (9.532/8r:1m) R8M-08-150
#?25_)11#?" 15" | (133 mm) | (451 ) | @77 o) | (754 pnm) | REM-10-150
#1((332_ r11-r:1/)4 Tt | 13 | @2 may | @i e | (7 Sham) |Rem-10-150
#};é r1r{r?1/)8 |15 | (135 m) | @5y | @1 ) | (7 54 ) | RW-11-150
Fasmm | 19 | cdorm | 635 mm) | @5 o | (168 mm) |REM-14-150

8

Hardware dimensions shown are for
standard carbon steel and can be pro-
vided galvanized or uncoated. MMFX
steel fasteners are available upon
request for a further enhanced corrosion
resistant system. All Williams' fasteners
are designed to provide 100% of the
guaranteed ultimate strength of the bar
and meet ACI 318 Section 12.14.3.2 for
mechanical rebar connections.
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Corrosion Data

Operational Service Life in Concrete

Black Bar

25 Years

MMFX,

Galvanized
>100 Years

Epoxy
Coated

34 Years

Stages of Corrosion Damage Over Time

MMFX steel extends the operational service life and need for repair beyond 100 years by delaying corrosion initiation
with a higher chloride threshold and slowing propagation due to a lower corrosion rate, making MMFX steel the most

economical for all applications.

—— Black Steel
—— MMFX,
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251 Rooney Road
Golden, CO 80401
Phone: (303) 216-9300
Fax: (303) 216-9400

103 Kestrel Dr.
Collegeville, PA 19426
Phone: (610) 489-0624

Fax: (610) 489-0629
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8165 Graphic Dr.
Belmont, Ml 49306
Phone: (616) 866-0815
Fax: (616) 866-1890
Web: http://www.williamsform.com
E-mail: williams@uwilliamsform.com

2600 Vulcan Dr.
Lithia Springs, GA 30122
Phone: (770) 949-8300
Fax: (770) 949-2377

6440 Flanders Dr.
San Diego, CA 92121
Phone: (858) 320-0330

Fax: (858) 320-0360
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7601 North Columbia
Portland, OR 97203
Phone: (503) 285-4548
Fax: (503) 285-6858

25232 74th Ave. South
Kent, WA 98032
Phone: (253) 854-2268
Fax: (253) 854-2318
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Concrete Pavement Dowel Bars

Smooth round pavement dowels serve as load transfer devices (LTD’s) at
transverse joints in plain jointed concrete pavement (PJCP). Dowel bars
are generally 18” long by 1 % “or 1 %4” in diameter at 12” spacing across
the transverse joints, depending on pavement thickness and traffic
considerations. The placement of dowel bars is made by either using:
dowel bar baskets prior to concrete placement or dowel bar inserter (DBI)
equipment as part of concrete placement machines.

Uncoated Corrosion Resistant ChromX®
(AASHTO MP 18/ASTM A1035) Dowel and Tie Bars

ChromX pavement dowel and tie bars have been used in plain jointed
concrete pavement (PJCP) since 2002 by Washington State DOT (WSDOT),
while extending pavement service life. PJCP ChromX pavement dowel bars
have also been used in CALTRANS, and Idaho Transportation Department
projects, along with pavement test sections by: Kentucky Transportation
Cabinet, New York State DOT, Ohio DOT, and Wisconsin DOT.

WSDOT has included uncoated corrosion-resistant A1035 pavement dowel
bars in new PJCP pavement projects per WSDOT Standard Specification
9-07.5.

ChromX pavement longitudinal high strength (100 ksi) tie bars provide
corrosion-resistance, offering extended pavement service life, while
reducing tie bar material requirements.

= == _ 'S STEEL
ﬁiﬁ?ﬁ( TODAY’S STEE!

STANDARD

Uncoated corrosion resistant
ChromX® dowel and tie bars
extend pavement service life
and lower maintenance cost.






- SERIES

SERIES

cHROMZX

DOWELS

o Diameters Available..........
o Full Length Sizes.....................
e Typical Cut Length Size..................

ChromX 9100 (Formerly MMFX,)
at 100 ksi yield
with 75 - 100 years service life

ChromX 4100
at 100 ksi yield
with 25 - 40 years service life

www.mmfx.com

Toll Free: (866) 466-7878

=—==__=" MMFX Steel Corporation of America
e A" % 2415 Campus Drive, Svite 100, Irvine, CA 92612 o Phone (949) 476-7600 ¢ www.mmfx.com







