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• In-Service Issues
– Verification of Actual Performance vs. Planned 

Performance
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Introduction

• Owners are specifying Service Life Design, particularly 
for projects using alternative project delivery
– Design-Build (DB)
– Design-Build-Operate-Maintain (DBOM)
– Public Private Partnership (P3)

• Service Life Design is not just about design for durability
• It’s about management of durability issues throughout 

the life of the structure
• Designers & Contractors need to be aware of new 

design, construction, and operations requirements



Through-Life Stages



Example Deterioration Model

• Chloride Ingress – Fick’s 2nd Law of Diffusion 
to Corrosion Initiation

• Red – Environmental Loading
– Co & Cs are the Chloride Background and Surface Concentrations
– Treal is the annual mean Temperature at the project site

• Green – Material Resistance
– DRCM,0 is the Chloride Migration Coefficient, α is the Aging Exponent, 

both are functions of the concrete mix
– a is the Concrete Cover
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New Design Issues

• Determining Properties and Finding Data for 
Deterioration Models
– Environmental Loading
– Material Resistances

• Chloride Diffusion/Migration Coefficients
• Critical Chloride Content
• Concrete Cover Depth



New Design Issues

• Environmental exposure of coastal marine bridges

– Chloride loading (Cs) based on natural salinity of sea water
– Data collected from existing documentation or perform 

salinity tests

• Environmental exposure from de-Icing chemicals

– Chloride loading (Cs) much more difficult to assess
– Best source of data is from test coring existing structures 

in similar environment



New Design Issues

• Deterioration other than from chlorides
• Environmental exposure from Carbonation (CO2)

– CO2 (Cs) concentration from the atmosphere (known)
– Data collected for CO2 concentration from emission 

sources in industrial areas



Durability Tests – Design

Objective Potential Testing 
Specifications

Information Obtained

Determine design chloride 
loading from concrete cores 
taken from existing/nearby 
structures

Nordtest Method NT Build 
443 / Accelerated Chloride 
Penetration (Bulk Diffusion 
Test) 

CS or CS,Δx and ∆x Chloride 
Surface Concentration, used 
in chloride deterioration 
model

ASTM C1543 / Determining 
the Penetration of Chloride 
Ion into Concrete by Ponding 
(Salt Ponding Test)
ASTM C1556 / Determining 
the Apparent Chloride 
Diffusion Coefficient of 
Cementitious Mixtures by 
Bulk Diffusion



Durability Tests – Design

Objective Potential Testing 
Specifications

Information Obtained

Determine design chloride 
loading in brackish water

ASTM D512 / Chloride Ion in 
Water

Ceqv , Natural Chloride 
Content of Sea Water used in 
chloride deterioration model

Determine presence of 
chemicals (sulfates) in soil 
and water

ASTM D516 / Sulfate Ion in 
Water

Sulfate content (% mass S04
in sample) 

ASTM C1580 / Water-Soluble 
Sulfate in Soil



Determining Chloride Loading

• S

– Known as the Salt Ponding Test
– Used to develop chloride profiles in test specimens 

or existing concrete taken from cores
– Results include Surface Chloride Concentration (Cs) 

and Concrete Apparent Coefficient of Diffusion 
(Dapp,C) at age of core



Determining Chloride Loading

Concrete Hardened: Accelerated Chloride Penetration
– Known as the Bulk DiffusionTest
– Used to develop chloride profiles in test specimens 

or existing concrete taken from cores
– Results include Surface Chloride Concentration (Cs) 

and Concrete Apparent Coefficient of Diffusion 
(Dapp,C) at age of core



Chloride Profile Grinding

Source: Germann Instruments



Determining Chloride Loading



New Design/Construction Issues

• Resistance to Chloride Ingress by Diffusion 
is a function of the:
– Concrete Chloride Migration Coefficient (DRCM,0) 
– Cover Depth (a)

• Resistance to Carbonation is a function of the:
– Inverse Carbonation Resistance (RACC,0

-1)
– Cover Depth



New Design/Construction Issues

• Resistance to both Chloride Ingress and 
Carbonation influenced by concrete mix 
proportions:
– Type of Cement
– Water/Cement Ratio
– Supplemental Cementitious Materials

• Fly Ash (FA)
• Ground Granulated Blast Furnace Slag (GGBFS)
• Silica Fume (SF)



Durability Tests – Design

Objective Potential Testing 
Specifications

Information Obtained

Determine design chloride 
durability resistance 
properties from trial batch 
mix designs

Nordtest Method NT Build 
492 / Chloride Migration 
Coefficient from Non-Steady-
State Migration Experiments 
(Rapid Chloride Migration, 
RCM)

DRCM,0 , Chloride Migration 
Coefficient used in chloride 
deterioration model

Determine initial chloride 
content of concrete from 
trial batch mix designs

Nordtest NT Build 208 / 
Chloride Content by Volhard 
Titration

CO , Initial Chloride Content 
used in chloride 
deterioration model

ASTM C1152 / Acid Soluble 
Chloride in Mortar and 
Concrete



Chloride Migration Test
NT Build 492

• Chloride Migration Coefficient from Non-Steady 
State Migration Experiments 
– Known as the Rapid Chloride Migration (RCM) Test
– Determines Concrete Chloride Migration Coefficient, 

DRCM,0 used directly in fib Bulletin 34 deterioration 
model

– 28 day cure, test duration usually 24 hours



NT Build 492 – Test Setup



NT Build 492

– 4” diameter x 2” thick 
specimen sliced from 
concrete test cylinder

– 10% Solution of NaCl
in water

– Subjected to electrical 
current to accelerate 
chloride ingress

• Schematic Test Setup



NT Build 492

• Split specimen axially into 2 pieces
• Spray silver nitrate solution on broken surface
• Measure chloride penetration depth
• Calculate Chloride Migration Coefficient, DRCM,0



NT Build 492 Test Summary

• Important to perform test at 28 days
• Test takes 24 hours
• One test includes 3 specimens
• Cost of a single test is approximately $1,000



Other Rapid Chloride Tests

• The RCM Test (NT Build 492) is not to be confused 
with:

– ASTM C1202/AASHTO T 277 – Standard Test 
Method for Electrical Indication of Concrete’s Ability to 
Resist Chloride Ion Penetration

– AASHTO TP-64 – Predicting Chloride Penetration of 
Hydraulic Cement Concrete by the Rapid Migration 
Procedure



ASTM C1202

• Known as the Rapid Chloride Permeability Test 
(RCPT)

• Measures electrical charge (Coulombs) passed 
through concrete specimen

• Specimens are not split/measured for chloride 
depth



ASTM C1202 Results

• Qualitative not Quantitative

Source: Grace Technical Bulletin TB-
0100



AASHTO TP-64

• Test procedures appear similar to NT Build 492, 
but there are subtle differences

• Uses different
– Duration of test (18 hours)
– Preconditioning
– Temperature
– Voltage

• fib Bulletin 34 calibrated to NT Build 492 only



Durability Tests – Design

Objective Potential Testing 
Specifications

Information Obtained

Determine carbonation 
durability resistance 
properties from trial batch 
mix designs

RILEM CPC-18 / 
Measurement of Hardened 
Concrete Carbonation Depth

RACC,0
-1, Inverse Effective 

Carbonation Resistance used 
in carbonation deterioration 
modelAccelerated Carbonation Test 

(ACC) / DARTS: Durable and 
Reliable Tunnel Structures: 
Data European Commission, 
Growths 2000, Contract 
G1RD-CT-2000-00476, 
Project GrD1-25633, 2004
Nordtest Method NT Build 
357 / Concrete, Repairing 
Materials and Protective 
Coating: Carbonation 
Resistance



Carbonation Tests

• Accelerated Carbonation Test (ACC) – DARTS –
Durable And Reliable Tunnel Structures: Deterioration 
Modelling, 2004

– Documented in fib Bulletin 34, pages 50-53
– Specimens cured 28 days in water
– Placed in carbonation chamber for 28 days and exposed 

to CO2 concentration of Cs = 2.0 vol.-%
– Tests performed at 56 days
– Specimens split, exposed surfaces treated with 

phenolphthalein and measured for penetration depth
– Inverse Carbonation Resistance (RACC,0

-1) is calculated



Carbonation Test Chamber



Carbonation Tests

• Sample showing carbonated concrete in purple



Critical Chloride Content

Cr Mo N PREN*

Carbon steel

ASTM A615/ 
ASTM A706/ 
AASHTO M31 0.6 1

Epoxy-coated 
carbon steel 0.9 1.5

Galvanized carbon 
steel 1.0 1.67

MMFX ChrōmX 
2100 and 2120 CL K23050 2 0.05 2.8
MMFX ChrōmX 
4100 and 4120 CM K42050 4 0.05 4.8 1.2 2
MMFX ChrōmX 
9100 and 9120 
(formerly 
MMFX2) CS K81550 9.2 0.2 12.4 2.4 4

ASTM A1035/ 
AASHTO M334 CS 9.2 0.05 10 2.4 4

Reinforcing Type Trade Name Specification
Alloy 
Type

UNS 
Designation

Ccr - mass % 
by weight  
cement

Ccr - Ratio 
to Carbon 

Steel

Compositional Requirements 
(min %)

Low-carbon 
chromium steel

ASTM A1035
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		Representative Critical Chloride Threshold (Ccr) for Various Reinforcement Types



		Description		Trade Name		Specification		Alloy Type		UNS Designation		Virginia CRR Class		Compositional Requirements (min %)								Ccr - mass % by weight  cement		Ccr - Ratio to Carbon Steel		Notes		Reference for Ccr

														Cr		Mo		N		PREN*



		Carbon steel				ASTM A615/ ASTM A706/ AASHTO M31																0.6		1				Model Code for Service Life Design, fib Bulletin 34, International Federation for Structural Concrete (fib), Lausanne, Switzerland, February 2006, p 72



		Epoxy-coated carbon steel																				0.9		1.5		Value based on single study. (Epoxy coated reinforcement generally considered to have same resistance as plain carbon steel)		Keβler, Sylvia, and Ueli Angst, Marc Zintel, Christoph Gehlen, "Defects in epoxy-coated reinforcement and their impact on the service life of a concrete structure", Structural Concrete, Journal of the fib, Ernst & Sohn, Vol. 16, No. 3, September 2015, p 398-405



		Galvanized carbon steel																				1.0		1.67				Matthews, Stuart, Design of durable concrete structures, IHS BRE Press, Garston, Watford, 2014, p 278-282



		Low-carbon chromium steel		MMFX ChrōmX 2100 and 2120		ASTM A1035		CL		K23050				2				0.05		2.8

				MMFX ChrōmX 4100 and 4120				CM		K42050				4				0.05		4.8		1.2		2

				MMFX ChrōmX 9100 and 9120 (formerly MMFX2)				CS		K81550				9.2				0.2		12.4		2.4		4

						ASTM A1035/ AASHTO M334		CS				Class I		9.2				0.05		10		2.4		4		VDOT CRR spec requires 9.2% Cr



		Stainless steel-clad carbon steel				AASHTO M329				Cladding S31600 or S31603				16		2				22.6						Cut ends of bars expose carbon steel core. Cladding is 316L material with thickness of 0.007"		ibid, p 283



		Austenitic Stainless Steel				ASTM A955/ AASHTO M334 		XM-28		S24100		Class I		16.5				0.2		19.7		2.4		4				ibid, p 286-287

								XM-29		S24000		Class III		17				0.2		20.2

								304		S30400		Class III		18						18

								304LN		S30453				18				0.1		19.6

								316L		S31603		Class III		16		2				22.6		3.6		6		Sufficiently resistant to be classified for avoidance of deterioration		ibid

								316LN		S31653		Class III		16		2		0.1		24.2



		Duplex (Austenitic-Ferritic) Stainless Steel		2101LDX		ASTM A955/ AASHTO M334				S32101		Class II		21		0.1		0.2		27.33						Sufficiently resistant to be classified for avoidance of deterioration		ibid

								2204		S32304		Class III		21.5		0.05		0.05		23.165

								2205		S31803		Class III		21		2.5		0.08		31.65		6		10



						Note: AASHTO M334 superceded AASHTO MP18 (June 2017)														* Pitting Resistance Equivalent Number (a higher PREN indicates higher corrosion resistance)

																										= Chromium + 3.3 Molybdenum + 16 Nitrogen (for austenitic steels)

																										= Chromium + 3.3 Molybdenum + 30 Nitrogen (for duplex steels)







Sheet2

		Representative Critical Chloride Threshold (Ccr) for Various Reinforcement Types



		Description		Trade Name		Specification		Alloy Type		UNS Designation		Virginia CRR Class		Compositional Requirements (min %)								Ccr - mass % by weight  cement		Ccr - Ratio to Carbon Steel		Keβler/ fib		Moruza/ VTRC		Darwin/ ACI				Hartt/ FHWA				Kahl/ MDOT				amec for MMFX				Tourney for MMFX				WJE for MMFX

														Cr		Mo		N		PREN*						ratio		ratio		lbs/cy		ratio		M		ratio		lb/cy		ratio		ppm		ratio		ppm		ratio		lbs/cy		ratio



		Carbon steel				ASTM A615/ ASTM A706/ AASHTO M31																0.6		1		1		1		1.63		1		0.08		1		1.2		1		460-580		1		500		1		3.8		1



		Epoxy-coated carbon steel																				0.9		1.5		1.5																				500		1



		Galvanized carbon steel																				1.0		1.67						2.57		1.58														1250		2.5



		Low-carbon chromium steel		MMFX ChrōmX 2100 and 2120		ASTM A1035		CL		K23050				2				0.05		2.8

				MMFX ChrōmX 4100 and 4120				CM		K42050				4				0.05		4.8		1.2		2																						1000		2

				MMFX ChrōmX 9100 and 9120 (formerly MMFX2)				CS		K81550				9.2				0.2		12.4		2.4		4				4.6-6.4						0.27		3.38						2700-2730		4.7-5.9		2000		4		11.5		3

						ASTM A1035/ AASHTO M334		CS				Class I		9.2				0.05		10		2.4		4						6.34		3.89



		Stainless steel-clad carbon steel				AASHTO M329				Cladding S31600 or S31603				16		2				22.6								6.5-8.8



		Austenitic Stainless Steel				ASTM A955/ AASHTO M334 		XM-28		S24100		Class I		16.5				0.2		19.7		2.4		4														19		15.8

								XM-29		S24000		Class III		17				0.2		20.2

								304		S30400		Class III		18						18																		19		15.8		>5630		9.7-12.2						>20.8		>5.4

								304LN		S30453				18				0.1		19.6

								316L		S31603		Class III		16		2				22.6		3.6		6

								316LN		S31653		Class III		16		2		0.1		24.2								>10.4										31		25.8		>5630		9.7-12.2



		Duplex (Austenitic-Ferritic) Stainless Steel		2101LDX		ASTM A955/ AASHTO M334				S32101		Class II		21		0.1		0.2		27.33								2.6-3.7														1550-1560		2.7-3.4

								2204		S32304		Class III		21.5		0.05		0.05		23.165																										>5000		>10

								2205		S31803		Class III		21		2.5		0.08		31.65		6		10														>22		18.3		>5630		9.7-12.2



						Note: AASHTO M334 superceded AASHTO MP18 (June 2017)														* Pitting Resistance Equivalent Number (a higher PREN indicates higher corrosion resistance)

																				= Chromium + 3.3 Molybdenum + 16 Nitrogen (for austenitic steels)

																				= Chromium + 3.3 Molybdenum + 30 Nitrogen (for duplex steels)

		References:

		1. Keβler, Sylvia, et. Al., Defects in epoxy-coated reinforcement and their impact on the service life of a concrete structure, Structural Concrete Journal of the fib, Vol. 16, No. 3, September 2015, Ernst & Sohn, Berlin

		2. Moruza, Audrey K., The Use of Corrosion Resistant Reinforcement as a Sustainable Technology for Bridge Deck Construction, TRB 2010 Annual Meeting Paper #10-2214, January, 2010, Transportation Research Board, Washington, DC

		3. Darwin, David, et. al., Critical Chloride Corrosion Threshold of Galvanized Reinforcing Bars, ACI Materials Journal, March-April 2009, American Concrete Institute, Detroit 

		4. Hartt, William H., et. al., Corrosion Resistant Alloys for Reinforced Concrete, FHWA Report No. FHWA-HRT-07-039, Federal Highway Administration, McLean, VA

		5. Kahl, Steven, Stainless and Stainless-Clad Reinforcement for Highway Bridge Use, Research Report RC-1560, August 8, 2012, Michigan Transportation Commission, Lansing, MI

		6. Comparative Performance of MMFX Microcomposite Reinforcing Steel and Other Types of Steel with Respect to Corrosion Resistance and Service Life Prediction in Reinforced Concrete Structures” – Dr. D. R. Morgan – AMEC Earth & Environmental – June 2006

		7. Reinforcing Steel Comparative Durability Assessment and 100 year Service Life,  Cost Analysis Report – Tourney Consulting Group, LLC – June 2016

		8. 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
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		Representative Critical Chloride Threshold (Ccr) for Various Reinforcement Types



		Reinforcing Type		Trade Name		Specification		Alloy Type		UNS Designation		Compositional Requirements (min %)								Ccr - mass % by weight  cement		Ccr - Ratio to Carbon Steel		Notes

												Cr		Mo		N		PREN*



		Carbon steel				ASTM A615/ ASTM A706/ AASHTO M31														0.6		1



		Epoxy-coated carbon steel																		0.9		1.5		Value based on single study. (Epoxy coated reinforcement generally considered to have same resistance as plain carbon steel)



		Galvanized carbon steel																		1.0		1.67



		Low-carbon chromium steel		MMFX ChrōmX 2100 and 2120		ASTM A1035		CL		K23050		2				0.05		2.8

				MMFX ChrōmX 4100 and 4120				CM		K42050		4				0.05		4.8		1.2		2

				MMFX ChrōmX 9100 and 9120 (formerly MMFX2)				CS		K81550		9.2				0.2		12.4		2.4		4

						ASTM A1035/ AASHTO M334		CS				9.2				0.05		10		2.4		4



		Stainless steel-clad carbon steel				AASHTO M329				Cladding S31600 or S31603		16		2				22.6						Cut ends of bars expose carbon steel core. Cladding is 316L material with thickness of 0.007"



		Austenitic Stainless Steel				ASTM A955/ AASHTO M334 		XM-28		S24100		16.5				0.2		19.7		2.4		4

								XM-29		S24000		17				0.2		20.2

								304		S30400		18						18

								304LN		S30453		18				0.1		19.6

								316L		S31603		16		2				22.6		3.6		6		Sufficiently resistant to be classified for avoidance of deterioration

								316LN		S31653		16		2		0.1		24.2



		Duplex (Austenitic-Ferritic) Stainless Steel		2101LDX		ASTM A955/ AASHTO M334				S32101		21		0.1		0.2		27.33						Sufficiently resistant to be classified for avoidance of deterioration

								2204		S32304		21.5		0.05		0.05		23.165

								2205		S31803		21		2.5		0.08		31.65		6		10



						Note: AASHTO M334 superceded AASHTO MP18 (June 2017)												* Pitting Resistance Equivalent Number (a higher PREN indicates higher corrosion resistance)

																								= Chromium + 3.3 Molybdenum + 16 Nitrogen (for austenitic steels)

																								= Chromium + 3.3 Molybdenum + 30 Nitrogen (for duplex steels)









Critical Chloride Content

Cr Mo N PREN*

Stainless steel-clad 
carbon steel AASHTO M329

Cladding 
S31600 or 

S31603 16 2 22.6

XM-28 S24100 16.5 0.2 19.7 2.4 4
XM-29 S24000 17 0.2 20.2

304 S30400 18 18
304L S30453 18 0.1 19.6
316L S31603 16 2 22.6 3.6 6
316L S31653 16 2 0.1 24.2

2101LDX S32101 21 0.1 0.2 27.33
2204 S32304 21.5 0.05 0.05 23.165
2205 S31803 21 2.5 0.08 31.65 6 10

Compositional Requirements 
(min %)

Duplex (Austenitic-
Ferritic) Stainless 
Steel

ASTM A955/ 
AASHTO M334

Austenitic Stainless 
Steel

ASTM A955/ 
AASHTO M334 

Reinforcing Type Trade Name Specification
Alloy 
Type

UNS 
Designation

Ccr - mass % 
by weight  
cement

Ccr - Ratio 
to Carbon 

Steel
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														Cr		Mo		N		PREN*						ratio		ratio		lbs/cy		ratio		M		ratio		lb/cy		ratio		ppm		ratio		ppm		ratio		lbs/cy		ratio



		Carbon steel				ASTM A615/ ASTM A706/ AASHTO M31																0.6		1		1		1		1.63		1		0.08		1		1.2		1		460-580		1		500		1		3.8		1



		Epoxy-coated carbon steel																				0.9		1.5		1.5																				500		1



		Galvanized carbon steel																				1.0		1.67						2.57		1.58														1250		2.5



		Low-carbon chromium steel		MMFX ChrōmX 2100 and 2120		ASTM A1035		CL		K23050				2				0.05		2.8

				MMFX ChrōmX 4100 and 4120				CM		K42050				4				0.05		4.8		1.2		2																						1000		2

				MMFX ChrōmX 9100 and 9120 (formerly MMFX2)				CS		K81550				9.2				0.2		12.4		2.4		4				4.6-6.4						0.27		3.38						2700-2730		4.7-5.9		2000		4		11.5		3

						ASTM A1035/ AASHTO M334		CS				Class I		9.2				0.05		10		2.4		4						6.34		3.89



		Stainless steel-clad carbon steel				AASHTO M329				Cladding S31600 or S31603				16		2				22.6								6.5-8.8



		Austenitic Stainless Steel				ASTM A955/ AASHTO M334 		XM-28		S24100		Class I		16.5				0.2		19.7		2.4		4														19		15.8

								XM-29		S24000		Class III		17				0.2		20.2

								304		S30400		Class III		18						18																		19		15.8		>5630		9.7-12.2						>20.8		>5.4

								304LN		S30453				18				0.1		19.6

								316L		S31603		Class III		16		2				22.6		3.6		6

								316LN		S31653		Class III		16		2		0.1		24.2								>10.4										31		25.8		>5630		9.7-12.2



		Duplex (Austenitic-Ferritic) Stainless Steel		2101LDX		ASTM A955/ AASHTO M334				S32101		Class II		21		0.1		0.2		27.33								2.6-3.7														1550-1560		2.7-3.4

								2204		S32304		Class III		21.5		0.05		0.05		23.165																										>5000		>10

								2205		S31803		Class III		21		2.5		0.08		31.65		6		10														>22		18.3		>5630		9.7-12.2



						Note: AASHTO M334 superceded AASHTO MP18 (June 2017)														* Pitting Resistance Equivalent Number (a higher PREN indicates higher corrosion resistance)

																				= Chromium + 3.3 Molybdenum + 16 Nitrogen (for austenitic steels)

																				= Chromium + 3.3 Molybdenum + 30 Nitrogen (for duplex steels)

		References:
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		2. Moruza, Audrey K., The Use of Corrosion Resistant Reinforcement as a Sustainable Technology for Bridge Deck Construction, TRB 2010 Annual Meeting Paper #10-2214, January, 2010, Transportation Research Board, Washington, DC

		3. Darwin, David, et. al., Critical Chloride Corrosion Threshold of Galvanized Reinforcing Bars, ACI Materials Journal, March-April 2009, American Concrete Institute, Detroit 

		4. Hartt, William H., et. al., Corrosion Resistant Alloys for Reinforced Concrete, FHWA Report No. FHWA-HRT-07-039, Federal Highway Administration, McLean, VA

		5. Kahl, Steven, Stainless and Stainless-Clad Reinforcement for Highway Bridge Use, Research Report RC-1560, August 8, 2012, Michigan Transportation Commission, Lansing, MI

		6. Comparative Performance of MMFX Microcomposite Reinforcing Steel and Other Types of Steel with Respect to Corrosion Resistance and Service Life Prediction in Reinforced Concrete Structures” – Dr. D. R. Morgan – AMEC Earth & Environmental – June 2006

		7. Reinforcing Steel Comparative Durability Assessment and 100 year Service Life,  Cost Analysis Report – Tourney Consulting Group, LLC – June 2016

		8. 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
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		Representative Critical Chloride Threshold (Ccr) for Various Reinforcement Types



		Reinforcing Type		Trade Name		Specification		Alloy Type		UNS Designation		Compositional Requirements (min %)								Ccr - mass % by weight  cement		Ccr - Ratio to Carbon Steel		Notes

												Cr		Mo		N		PREN*



		Carbon steel				ASTM A615/ ASTM A706/ AASHTO M31														0.6		1



		Epoxy-coated carbon steel																		0.9		1.5		Value based on single study. (Epoxy coated reinforcement generally considered to have same resistance as plain carbon steel)



		Galvanized carbon steel																		1.0		1.67



		Low-carbon chromium steel		MMFX ChrōmX 2100 and 2120		ASTM A1035		CL		K23050		2				0.05		2.8

				MMFX ChrōmX 4100 and 4120				CM		K42050		4				0.05		4.8		1.2		2

				MMFX ChrōmX 9100 and 9120 (formerly MMFX2)				CS		K81550		9.2				0.2		12.4		2.4		4

						ASTM A1035/ AASHTO M334		CS				9.2				0.05		10		2.4		4



		Stainless steel-clad carbon steel				AASHTO M329				Cladding S31600 or S31603		16		2				22.6						Cut ends of bars expose carbon steel core. Cladding is 316L material with thickness of 0.007"



		Austenitic Stainless Steel				ASTM A955/ AASHTO M334 		XM-28		S24100		16.5				0.2		19.7		2.4		4

								XM-29		S24000		17				0.2		20.2

								304		S30400		18						18

								304LN		S30453		18				0.1		19.6

								316L		S31603		16		2				22.6		3.6		6		Sufficiently resistant to be classified for avoidance of deterioration

								316LN		S31653		16		2		0.1		24.2



		Duplex (Austenitic-Ferritic) Stainless Steel		2101LDX		ASTM A955/ AASHTO M334				S32101		21		0.1		0.2		27.33						Sufficiently resistant to be classified for avoidance of deterioration

								2204		S32304		21.5		0.05		0.05		23.165

								2205		S31803		21		2.5		0.08		31.65		6		10



						Note: AASHTO M334 superceded AASHTO MP18 (June 2017)												* Pitting Resistance Equivalent Number (a higher PREN indicates higher corrosion resistance)

																								= Chromium + 3.3 Molybdenum + 16 Nitrogen (for austenitic steels)

																								= Chromium + 3.3 Molybdenum + 30 Nitrogen (for duplex steels)









Durability Tests – Design or
Construction

Objective Potential Testing 
Specifications

Information Obtained

Determine freeze-thaw and 
salt scaling susceptibility

CEN/TS 12390-9 / Testing 
hardened concrete – Part 9: 
Freeze-thaw resistance –
Scaling

Scaling % by weight or mass 
per volume

RILEM TC 176-IDC / 
Recommendation: CIF Test, 
Test method of frost 
resistance of concrete
ASTM C457 / Microscopical 
Determination of Parameters 
of the Air-Void System in 
Hardened Concrete

Air/void spacing and 
percentage

ASTM C231 (or C173)/ Air 
Content of Freshly Mixed 
Concrete by the Pressure (or 
Volumetric) Method

Air content of concrete 
sample and/or air content of 
mortar portion



Durability Tests – Design or
Construction

Objective Potential Testing 
Specifications

Information Obtained

Determine potential for 
reactivity of aggregates in 
concrete

RILEM TC 191-ARP / Alkali-
reactivity and prevention –
Assessment, specification 
and diagnosis of alkali-
reactivity.

Expansion % of aggregates 
for  classification of reactivity 
/ Class 1 very unlikely / Class 
2 uncertain / Class 3 very 
likely

AASHTO R80 / Determining 
the Reactivity of Concrete 
Aggregates and Selecting 
Appropriate Measures for 
Preventing Deleterious 
Expansion in New Concrete 
Construction

Determine risk of ASR from 
reactivity of aggregates and 
exposure, and determination 
of supplemental 
cementitious materials 
(SCMs) to provide various 
levels of prevention

ASTM C1260 / Potential 
Alkali Reactivity of 
Aggregates (Mortar-Bar 
Method)

Average length change in 
concrete specimens



Durability Tests – Construction

Objective Potential Testing 
Specifications

Information Obtained

Verify chloride durability 
resistance properties during 
production

Nordtest Method NT Build 
492 (Rapid Chloride 
Migration, RCM)

As constructed DRCM,0 , 
Chloride Migration 
Coefficient used in chloride 
deterioration model

Determine initial chloride 
content of concrete during 
production

Nordtest NT Build 208 As constructed CO, Initial 
Chloride Content used in 
chloride deterioration model

ASTM C1152

Verify concrete carbonation 
durability resistance 
properties during production

RILEM CPC-18 As constructed RACC,0
-1, 

Inverse Effective Carbonation 
Resistance used in the 
carbonation deterioration 
model

Accelerated Carbonation Test 
(ACC) / DARTS

Nordtest Method NT Build 
357



Concrete Cover Depth

• Lack of U.S. standards for measuring cover 
depth in hardened concrete

• Service Life goal is for complete mapping
– Measurements Taken on Each Surface
– Minimum Sample Size – 20 per Surface
– Used to Calculate Mean & Standard Deviations
– Perform Statistical Evaluation for Acceptance 

Purposes



Durability Tests – Construction

Objective Potential Testing 
Specifications

Information Obtained

Verify clear concrete cover in 
completed structure

BS1881:204 Testing concrete. 
Recommendations on the 
use of electromagnetic 
covermeters

Calibration of covermeters

ACI 228.2R-2.51 / ACI 
Concrete Practices Non 
Destructive testing: 
Covermeters
The German Concrete and 
Construction Association 
(DBV), Technical Report, 
Concrete Cover and 
Reinforcement per Eurocode 
2. (in German)

Statistical evaluation of 
measured cover dimensions, 
a, in hardened concrete



Covermeters

• Sources: Proceq Elcometer



Concrete Cover Depth

• FHWA’s Robotic Assisted Bridge Inspection Tool 
(RABIT) with Ground Penetrating Radar (GPR)



Cover – Grid Sampling Method



Cover Measurements

A B C D E F G H I J K L
1 2.52 2.20 2.60 2.99 2.05 2.87 2.72 2.80 3.11 2.99 3.11 2.83
2 2.40 2.20 2.48 2.72 2.72 2.76 2.91 2.99 2.17 2.83 2.99 2.09
3 2.24 2.24 1.46 1.57 2.52 2.20 2.36 2.20 2.20 1.89 1.85 2.24
4 1.93 2.01 1.65 2.01 2.24 2.28 2.24 2.13 2.32 2.48 2.52 2.80
5 2.28 2.40 2.09 1.93 2.01 1.89 2.17 1.97 1.81 1.93 2.56 2.32
6 2.99 3.11 2.48 2.09 3.15 2.91 2.83 2.56 2.83 2.72 2.83 2.28
7 2.24 2.99 3.15 1.10 2.60 2.91 2.44 2.99 2.24 2.48 2.24 2.40
8 2.13 1.85 2.20 2.20 2.13 2.83 2.52 2.40 2.20 1.77 2.32 2.48

Statistical Evaluation of Measured Cover Depths, all units [in]

Target threshold % 5% Qualitative Procedure
Nominal cover cnom 2.5 # measurements < cmin 10 # allowed per N 7 NG
Safety margin Δc 0.6

Req'd minimum cover cmin 1.9 Quantitative Procedure
Sample size N 96 Outlier cover XOG = 2.5XM - 1.5Xmin 4.20

Median XM 2.34 Location parameter r = (X + XM)/2 2.37
Min Xmin 1.10 Form parameter k =1.8 r/s 10.21

Mean X 2.40 Threshold value c(5%) = r/(19 1/k) 1.78
Std. Dev. s 0.42 Parameter p(x) p(x) = cmin/r 0.80

% of cover depth <cmin F(x) = p(x)k/(1+p(x)k) 9% >5% NG

As-Constructed Cover Dimensions at Grid Points [in]
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Identification of Structure

				Identification of Structure



				Owner		Oregon Department of Transportation



				Structure Classification		Bridge

				Structure Name		Ochoco Creek Bridge

				Inventory ID #		22324

				Structure Description		64'-10" wide by 66'-0" long bridge with cast-in-place concrete deck on  26" deep spread, precast, prestressed concrete slabs, supported by precast concrete abutments and steel pipe piles. 

				Geographic Location		Carries Paulina Highway 380 (Combs Flat Rd.) over Ochoco Creek at Milepost 0.11 in Prineville, Crook County, OR

				Date Placed in Service		15-Dec-2016

























































































				Design

				Project #		STP-S380(002), PCS/Key # 19209

				Designer		Oregon Department of Transportation, Region 4 Bridge Engineering

						63055 N. Highway 97, Building M, Bend, OR

						(541) 388-6225



				Independent Checker		n/a



				Design Start Date		1-Jan-2015

				Design End Date		1-Feb-2016



				Execution (Construction)

				Contract ID #		14900

				Bid Date		28-Apr-2016

				Construction Start Date		9-May-2016

				Construction End Date		15-Dec-2016

				Contractor		Carter & Company Inc.

						4676 Commercial St. SE #203

						Salem, OR 97302

						(503) 371-4582



				Sub-Contractors / Suppliers

				Cast-in-Place Concrete		Knife River - Central Oregon Ready-Mix

						64500 O.B. Riley Rd.

						Bend, OR 97701

						(541) 693-5900



				Precast Concrete		Knife River Prestress

						23505 Peoria Rd.

						Harrisburg, OR 97446

						(541) 995-6327



				Reinforcing Steel		(Name)

						(Address 1)

						(Address 2)

						(Phone)



				Prestressing Steel		(Name)

						(Address 1)

						(Address 2)

						(Phone)







				Structure Plan & Elevation





































































Durability Design Parameters

				Durability Design Parameters



				Structure Name		Ochoco Creek Bridge

				Inventory ID #		22324



				Durability Specifications

				Model Code for Service Life Design, fib Bulletin 34, 2006

				EN-206-1 (for definition of exposure classes)

				Environmental Exposure Conditions

				Macro Environment		Rural, Urban, Industrial, Coastal Marine		Urban

				Macro Climate		Cold, Temperate, Tropical (hot/humid), Arid (hot/dry)		Temperate

				Annual Climate/Weather Data		Source: NOAA Station ID: GHCND:USC00356883, Prineville, OR (1/1/1897-12/31/2015)		Mean, μ		Std Dev, σ

				High Temperature (°C)				63.6		2.42

				Low Temperature (°C)				31.7		2.24

				Average Temperature (°C)				47.7		2.33

				Relative Humidity (%)

				Precipitation (mm)				9		3.3

				Time of Wetness (ToW)		No. of days per year with rainfall exceeding 0.1 in		25		8.75

				Snowfall (mm)				12.1		8.1

				Deterioration Mechanisms

				Reinforcing Steel Corrosion		Carbonation, De-icing Chlorides, Sea water		yes, D

				Freeze/Thaw Damage				yes

				Salt Scaling Damage				yes

				Abrasion/Erosion		Rutting, Ice action		yes, R

				External Chemical Attack		Sulfate, Acid, Leaching		no

				Internal Chemical Attack		ASR, AAR, DEF		no

				Coating Breakdown				no

				Design Parameters

				Consequence Class (CC) - Loss of human life, economic, social or environmental		CC1 - Low		CC2

						CC2 - Normal

						CC3 - High

				Design Supervision (DSL) - Checking of the design		DSL1 - Self		DSL2

						DSL2 - Same organization

						DSL3 - Independent 3rd party

				Construction (Execution) Inspection Parameter

				Execution Class EXC) - Construction inspection		EXC1 - Self		EXC2

						EXC2 - Same organization

						EXC3 - Independent 3rd party

				In-Service Conservation Parameters

				Condition Control & Conservation Class - periodic inspection & maintenance		A - Proactive (systematic monitoring of parameters relevant to deterioration proccesses critical to durability)		B

						B - Reactive (planned periodic inspection)

						C - None (no direct inspection/testing)

				Condition Control Levels (CCL)/Inspection Regimes		CCL0 - None (not possible, e.g., buried)		CCL2

						CCL1 - Normal (arbitrary, no systematic regime)

						CCL2 - Normal (regular visual inspection)

						CCL3 - Extended (monitoring of parameters relevant to deterioration process critical to durability)





Environmental Exposure

				Environmental Exposure Zones

				Structure Name		Ochoco Creek Bridge

				Inventory ID #		22324

				Exposure Classifications



				Class Designation		Description of the Environment		Specific Exposure



				1 - Corrosion induced by carbonation						not controlling

				XC3		Moderate Humidity		External concrete sheltered from rain



				2 - Corrosion induced by chlorides other than seawater						Surface chloride concentration [wt-%/cem]

										CS				CS,∆x

										Mean, μ		Std Dev, σ		Mean, μ		Std Dev, σ

				XD1		Moderate Humidity		Surfaces exposed to airborne chlorides		0.2		0.1

				XD3		Cyclic Wet and Dry		Surfaces exposed to de-icing chlorides						0.78		0.39





Chloride Deterioration Model

				Deterioration Mechanism/Model

				Deterioration Mechanism		Full probabilistic design method for chloride induced corrosion - uncracked concrete

				Deterioration Model		Fick's 2nd Law

				Source		fib Bulletin 34 - Model Code for Service Life Design, Appendix B2

				Equation (B2.1-1)





				Equation (B2.1-2)





				Equation (B2.1-3)





				Equation (B2.1-4)





				Function Variables		Description		Units		Distribution Function



				t		Time		[yr]		n/a

				x		Depth with corresponding content of chlorides C(x,t)		[in]		n/a

				Ccrit		Critical chloride content		[wt.-%/cem]		Beta, a=0.2, b=2

				Co		Initial chloride content of the concrete		[wt.-%/cem]		Constant

				CS,Δx		Chloride concentration at surface or a depth Δx		[wt.-%/cem]		Log-Normal

				Δx		Depth of the convection zone (concrete layer, up to which the process of chloride penetration differs from Fick's 2nd law of diffusion)		[in]		Beta, a=0, b=50

				cov		Concrete cover		[in]		Log-Normal

				Dapp,C		Apparent coefficient of chloride diffusion through concrete		[in2/yr]		n/a

				DRCMO		Chloride migration coefficient		[in2/yr]		Normal

				kt		Transfer parameter		[-]		Constant = 1

				ke		Environmental transfer variable		[-]		n/a

				be		Regression variable		[°K]		Normal

				Tref		Standard test temperature		[°K]		Constant = 292.9

				Treal		Temperature of the structural element or the ambient air		[°F]		Normal

				A(t)		Subfunction considering the ageing		[-]		n/a

				to		Reference point of time		[yr]		Constant = 0.0767

				α		Aging exponent		[-]		Beta, a=0.2, b=2

























































Durability Testing Requirements

				Durability Testing Requirements

				Structure Name		Ochoco Creek Bridge

				Inventory ID #		22324



				Objective		Testing Specification		Information Obtained		Test Location / Frequency

				Design

				Determine design chloride loading from concrete cores taken from existing/nearby structures		ASTM C1543 - Determining the Peneration of Chloride Ion into Concrete by Ponding (Salt Ponding Test) / with ASTM C1152 and ASTM C1556		Chloride Surface Concentration, CS (or CS,Δx and ∆x) used in chloride deterioration model		4 cores taken in sidewalk curbs of existing bridge

				Determine design chloride durability resistance properties from trial batch mix designs		Nordtest Method NT Build 492 / Chloride Migration Coefficient from Non-Steady-State Migration Experiments (Rapid Chloride Migration, RCM)		Design Chloride Migration Coefficient, DRCM,0 used in chloride deterioration model		Single test (3 cylinders) from each trial batch mix design



				Construction

				Verify chloride durability resistance properties during production		Nordtest Method NTBuild 492		As constructed Chloride Migration Coefficient, DRCM,0 used in chloride deterioration model		Single test (3 cylinders) from each concrete component cast per day

				Determine initial chloride content of concrete during production		ASTM C1152 - Acid Soluble Chloride in Mortar and Concrete		As constructed Initial Chloride Content, CO used in chloride deterioration model

				Verify clear concrete cover in completed structure		BS1881:204 Testing concrete. Recommendations on the use of electromagnetic covermeters		As constructed clear cover dimensions in hardened concrete



				In-Service Monitoring

				Develop chloride profiles from concrete cores taken from structure to verify concrete chloride durability resistance properties and chloride loading 		ASTM C1543 / with ASTM C1152 and ASTM C1556		Determine Apparent Chloride Diffusion Coefficient, Dapp,C as it changes with time, and verify Chloride Surface Concentration, CS or CS,∆x and ∆x





Concrete Properties - Cl (US)

				Concrete Mix Design Summary



				Structure Name				Ochoco Creek Bridge

				Inventory ID #				22324



				Concrete Class		Mix Designation		28-day Strength, f'c (PSI)		Unit weight (lb/ft3)		Cementitious Materials																				Durability Design Properties (per fib Bulletin 34)

												Cement				Supplemental Cementitious Materials (SCMs)												Cement + SCM Unit weight		Water/ Cement Ratio w/c 		Chloride Migration Coefficient, DRCM,0 (in2/yr) - (Normal Distribution function)				 Aging Exponent, α - (Beta Distribution function, a=0, b=1)

												AASHTO/ ASTM Spec.		Type		Fly Ash (FA)    AASHTO M295/ ASTM C618				Slag (GGBFS) AASHTO M302/ ASTM C989				Silica Fume (SF) AASHTO M307/ ASTM C1240								RCM Test per Nordtest - NTBuild 492

																%		Class C/F/N		%		Grade 100/120		%				(lb/yd3)				Mean, μ		Std Dev, σ		Mean, μ		Std Dev, σ

				Design - Trial Batch

				4000 HPC		NT-1b		4000		140.2		M85/C150		I		30								4				651		0.39		0.644		0		0.6		0.15

				4000		NT-2b		4000		143		M85/C150		I						30								691		0.39		0.354		0		0.45		0.2

				3300		NT-3		3300		139.6		M85/C150		I						30								556		0.49		0.468		0		0.45		0.2

				4000		26S6KNG8M7		4000		139.9		M85/C150		I/II						30								574		0.465		0.717		0		0.45		0.2

				4000 HPC		266TZ1F5CS		4000		140.1		M85/C150		I/II						30				4				649		0.401		0.636		0		0.45		0.2





				Construction

				4000		26S6KNG8M7		4000		137.3		M85/C150		I/II						30								574		0.465		0.611		0.244		0.45		0.20

				4000 HPC		6TZ1F5CS		4000		133.8		M85/C150		I/II						30				4				649		0.401		0.596		0.238		0.45		0.20

				8280		KRP H71Y3		8280		144.3		M85/C150		III														710		0.36		0.46		0.184		0.30		0.12





												AASHTO M85/ ASTM C150 - Portland Cement

												AASHTO M240/ ASTM C595 - Blended Hydraulic Cements

												ASTM C1157 - Hydraulic Cement (classification for special characteristics/options)





Concrete Mix (US)

				Concrete Mix Data



				Structure Name		Ochoco Creek Bridge

				Inventory ID #		22324



				Mix Producer		Central Oregon Redi-Mix

				Mix ID		266TZ1F5CS

				Concrete Specification		Oregon DOT Standard Specifications, 2015 - Section 00540

				Concrete Class		4000 HPC Deck



				Materials		Type/Specification		Supplier		Wt. (lbs)



				Cementitious

				Cement		Type I-II/ AASHTO M85		Cal Portland		429

				Supplemental Cementious Materials (SCMs)								SCM %

				Fly Ash (FA)								 

				Slag (GGBFS)				Ash Grove		195		0.30

				Silica Fume (SF)				BASF		25		0.04

								Total Cementitious		649

				Aggregates

				Coarse 		3/4" - # Round		Lone Pine Pit		1621

				Coarse 		3/8" Pea Rock		Lone Pine Pit		205

				Fine		Sand		Lone Pine Pit		1134

				Fiber Mesh		Novomesh 950				5

										2965

				Aggregate Moisture Water						-89

								Total Aggregate		2876

				Admixtures

												Wt. (oz)

				Air Entrainment		AEA-90		BASF				13

				Hi Range Water Reducer		PS-1466		BASF				39





										3		52

				Water

				Batch Water						171

				Aggregate Moisture Water						89

				Admixture Water						3

								Total Water		263

				Total Batch

				Total Batch Weight						3788

				Batch Volume						1		yd3

				Relative Yield								0.954

				Density						133.8		lb/ft3

				Adjusted Cementitious Content						619		lb/yd3



				Water/Cement Ratio				w/c=		0.405



				Concrete Mix Data



				Structure Name		Ochoco Creek Bridge

				Inventory ID #		22324



				Mix Producer		Knife River / Hooker Concrete

				Mix ID		NT1-b

				Concrete Specification		Oregon DOT Standard Specifications, 2015 - Section 00540

				Concrete Class		4000 HPC



				Materials		Type/Specification		Supplier		Wt. (lbs)



				Cementitious

				Cement		Type I-II/ AASHTO M85				435

				Supplemental Cementious Materials (SCMs)								SCM %

				Fly Ash (FA)						197		30%

				Slag (GGBFS)								 

				Silica Fume (SF)						26		4%

								Total Cementitious		658

				Aggregates

				Coarse 		07-047-4 1" No. 4				1913

				Fine		07-047-4 PCC Fine Agg.				1020

				Fiber Mesh		Novomesh 950				5



										2938

				Aggregate Moisture Water						-29

								Total Aggregate		2909

				Admixtures

												Wt. (oz)

				Air Entrainment		AE-90		BASF				8

				Mid-Range Water Reducer		Polyheed 997		BASF				33

				Hi Range Water Reducer		PS-1466		BASF				33

						MasterLife		BASF				64

										9		138

				Water

				Batch Water						218

				Aggregate Moisture Water						29

				Admixture Water						9

								Total Water		256

				Total Batch

				Total Batch Weight						3823

				Batch Volume						1		yd3

				Relative Yield								0.990

				Density						140.2		lb/ft3

				Adjusted Cementitious Content						651		lb/yd3



				Water/Cement Ratio				w/c=		0.39



				Concrete Mix Data



				Structure Name		Ochoco Creek Bridge

				Inventory ID #		22324



				Mix Producer		Knife River - Tumalo/Redmond

				Mix ID		26S6KNG8M7

				Concrete Specification		Oregon DOT Standard Specifications, 2015 - Section 00540

				Concrete Class		General Structure 4000



				Materials		Type/Specification		Supplier		Wt. (lbs)



				Cementitious

				Cement		Type I-II/ AASHTO M85		Cal Portland Ssangyong		402

				Supplemental Cementious Materials (SCMs)								SCM %

				Fly Ash (FA)								 

				Slag (GGBFS)				Ash Grove Dura Slag		172		27%

				Silica Fume (SF)								 

								Total Cementitious		574

				Aggregates

				Coarse 		3/4 - #4		07-051-4		1550

				Coarse 		3/8 - #8		07-051-4		200

				Fine		#4 - 0		07-051-4		1192



										2942

				Aggregate Moisture Water

								Total Aggregate		2942

				Admixtures

												Wt. (oz)

				Air Entrainment		Master Air AE-90		BASF				5.2

				Hi Range Water Reducer		Master Polyheed 997		BASF				34.4

				Retarder		MasterSet Delvo		BASF				28.7



										4		68

				Water

				Batch Water						260

				Aggregate Moisture Water

				Admixture Water						4

								Total Water		264

				Total Batch

				Total Batch Weight						3780

				Batch Volume						1		yd3

				Relative Yield								1.000

				Density						140.1		lb/ft3

				Adjusted Cementitious Content						574		lb/yd3



				Water/Cement Ratio				w/c=		0.46

				Concrete Mix Data



				Structure Name		Ochoco Creek Bridge

				Inventory ID #		22324



				Mix Producer		Knife River - Tumalo/Redmond

				Mix ID		6TZ1F5CS

				Concrete Specification		Oregon DOT Standard Specifications, 2015 - Section 00540

				Concrete Class		Structural HPC 4000



				Materials		Type/Specification		Supplier		Wt. (lbs)



				Cementitious

				Cement		Type I-II/ AASHTO M85		Cal Portland Ssangyong		480

				Supplemental Cementious Materials (SCMs)								SCM %

				Fly Ash (FA)								 

				Slag (GGBFS)				Ash Grove Dura Slag		205		32%

				Silica Fume (SF)								 

								Total Cementitious		685

				Aggregates

				Coarse 		1.5 - 3/4		07-051-4		204

				Coarse 		3/4 - #4		07-051-4		1552

				Coarse 		3/8 - #8		07-051-4		100

				Fine		#4 - 0		07-051-5		1038

										2894

				Aggregate Moisture Water

								Total Aggregate		2894

				Admixtures

												Wt. (oz)

				Air Entrainment		Master Air AE-90		BASF				20.6

				Water Reducer		Master Glenium 1466		BASF				41.1

				Retarder		MasterSet Delvo		BASF				41.1



										6		103

				Water

				Batch Water						250

				Aggregate Moisture Water

				Admixture Water						6

								Total Water		256

				Total Batch

				Total Batch Weight						3835

				Batch Volume						1		yd3

				Relative Yield								1.000

				Density						142.2		lb/ft3

				Adjusted Cementitious Content						685		lb/yd3



				Water/Cement Ratio				w/c=		0.37

				Concrete Mix Data



				Structure Name		Ochoco Creek Bridge

				Inventory ID #		22324



				Mix Producer		Knife River Prestress

				Mix ID		KRP H71Y3

				Concrete Specification		Oregon DOT Standard Specifications, 2015 - Section 00540

				Concrete Class		8280



				Materials		Type/Specification		Supplier		Wt. (lbs)



				Cementitious

				Cement		Type III/ AASHTO M85		Ash Grove		710

				Supplemental Cementious Materials (SCMs)								SCM %

				Fly Ash (FA)								 

				Slag (GGBFS)								 

				Silica Fume (SF)								 

								Total Cementitious		710

				Aggregates

				Coarse 		3/4 - 1/2		22-018-2		758

				Coarse 		1/2 - #4		22-018-2		926

				Fine		#4 - 0		22-018-2		1247



										2931

				Aggregate Moisture Water

								Total Aggregate		2931

				Admixtures

												Wt. (oz)

				Air Entrainment		MB AE-90		BASF				7.1

				Hi Range Water Reducer		MB Glenium-3400NV		BASF				42.6

				Workability-Retention		MB Rheotec Z60		BASF				42.6



										6		92

				Water

				Batch Water						250

				Aggregate Moisture Water

				Admixture Water						6

								Total Water		256

				Total Batch

				Total Batch Weight						3897

				Batch Volume						1		yd3

				Relative Yield								1.000

				Density						144.3		lb/ft3

				Adjusted Cementitious Content						710		lb/yd3



				Water/Cement Ratio				w/c=		0.36





Reinforcing Steel (US)

				Reinforcing Steel



				Structure Name		Ochoco Creek Bridge

				Inventory ID #		22324



				Type		AASHTO/ ASTM Spec		Yield Strength, Fy (MPa)		Tensile Strength, Fu (MPa)		Alloy Type		UNS Designation		Critical Chloride Threshold (% wt of cementitious)

																Beta Distribution function, a=0.2, b=2

																Mean, μ		Std Dev, σ



				Plain Carbon Low Alloy		M31/A615		60		90		n/a		n/a		0.60		0.15

				Plain Carbon Low Alloy		M31/A706		60		90		n/a		n/a		0.60		0.15

				Plain Carbon - Epoxy Coated		M31/A615		60		90		n/a		n/a		0.60		0.15

				Plain Carbon - Epoxy Coated		M31/A706		60		90		n/a		n/a		0.60		0.15

				7-Wire Strand (low relaxation)		M203/A416		243		270		n/a		n/a		0.6		0.15





Concrete Component Specific

				Service Life Design Summary - Concrete Components



				Structure Name		Ochoco Creek Bridge

				Inventory ID #		22324



						Deck		Prestressed Slabs		Abutment Walls		Footings/ Pile Caps		Concrete Traffic Barriers

				Service Life Requirements

				Non-Replaceable		x		x		x		x		x

				Replaceable

				Service Life Duration (years)		100		100		100		100		40

				Reinforcement Deterioration Mechanisms

				Corrosion from Chlorides		x		x		x		x		x

				Corrosion from Carbonation

				Environmental Exposure (per EN 206-1)

				Class (XCarbonation/ XDe-icing/ XSeawater)		XD		XD		XD		XD		XD

				Level (1-4)		3		1		1		1		3

				Design Strategy

				Avoidance

				Deterioration Modeling		Fick's 2nd Law (fib 34, annex B2)

				Deemed-to-satisfy

				Partial Factor

				Full-Probabilistic		x		x		x		x		x

				Reliability Index, β=		1.3		1.3		1.3		1.3		1.3

				Protection Strategy

				Material's own resistance		x		x		x		x		x

				Multi-stage system (overlay/coating)

				Use non-reactive materials (CRR)

				Cathodic Protection

				Limit State

				Corrosion initiation (Depassivation)		x		x		x		x		x

				Corrosion Propagation (cracking)

				Corrosion Propogation (spalling)

				Corrosion Propagation (section loss)



				Concrete Deterioration Mechanisms

				Freeze-Thaw

				Salt Scaling

				Abrasion/Erosion		x

				Chemical Attack (Sulfate/Acid/Leaching)

				Internal Chemical Attack (AAR/ASR/DEF)

				Environmental Exposure (per EN 206-1)

				Class (XFreeze-Thaw/Chemical XAttack)

				Level (1-4)

				Design Strategy

				Avoidance

				Deterioration Modeling

				Deemed-to-satisfy		x

				Partial Factor

				Full-Probabilistic

				Reliability Index, β=

				Protection Strategy

				Use non-reactive materials

				Restrict material sources

				Air Entrainment

				Thermal Curing Plan

				Protective Barrier (overlay)

				Limit State

				Critical degree of saturation

				Critical freezing temperature





Non-Concrete Component Specific

				Service Life Design Summary - Non-Concrete Material Components



				Structure Name		Ochoco Creek Bridge

				Inventory ID #		22324



						Expansion Joint (Seals)		Elastomeric Bearings		Steel Railings		Steel Piles

				Service Life Requirements

				Non-Replaceable								x

				Replaceable		x		x		x

				Service Life Duration (years)		30		40		40		100

				Metal Deterioration Mechanisms

				Corrosion from Chlorides						x

				Corrosion from Water/Moisture								x

				Environmental Exposure (per EN 206-1)

				Class (XCarbonation/ XDe-icing/ XSeawater)						XD		XD

				Level (1-4)						3		1

				Design Strategy

				Avoidance

				Deterioration Modeling

				Deemed-to-satisfy						x		x

				Partial Factor

				Full-Probabilistic

				Reliability Index, β=

				Protection Strategy

				Material's own resistance								x

				Use non-reactive materials

				PT Corrosion Protection Level (PL1/PL2/PL3)

				Protective Coating						x

				Limit State

				Corrosion Propagation (% section loss)								x



				Other Material Deterioration Mechanisms

				Abrasion/Erosion

				Coating failure						x

				Ultraviolet breakdown

				Other (see component details)



				Design Strategy

				Avoidance

				Deterioration Modeling

				Deemed-to-satisfy (Historical user data)		x		x

				Partial Factor

				Full-Probabilistic

				Reliability Index, β=

				Protection Strategy

				Protective coatings						x

				Other (see component details)



				Limit State

				Initiation of joint leakage		x

				__% surface coating defects





Structural Component ID

		Structural Component Identification - Superstructure

		Structure Name				Ochoco Creek Bridge

		Inventory ID #				22324

		1		Bridge Deck				2		Sidewalk				3		Railing				4		Prestressed Slabs				5		Diaphragm





Structural Component Data (US)

				Structure Component Data

				Component Name		Deck				Figure ID		Superstructure 1				Required Service Life				100		[yrs]

				Location		Span 1										Reliability Index, β				1.3



				Deterioration Model - fib Bulletin 34, Annex B2, Full probabilistic design method for chloride induced corrosion - uncracked concrete										Design				As-Constructed

				Property				Variable		Units		Distribution		Mean, μ		Std Dev, σ		Mean, μ		Std Dev, σ

				Environmental Parameters																		Equation (B2.1-1)

				Exposure Class		XD3

				Surface Chloride Concentration				CS,Δx		[wt-%/cem]		Log-Normal		0.78		0.39

				Transfer Function				∆x		[in]		Beta a=0, b=50		0.35		0.22

				Temperature at Site				Treal		[°C]		Normal		47.7		2.33

										[°K]				281.9		1.29						Equation (B2.1-2)

				Standard RCM Test Temperature				Tref		[°K]		Constant		292.9

				Temperature Regression Variable				be		[°K]		Normal		4800		700

				Concrete Properties

				Class/Mix Design		HPC4000										NT1B				6TZ1F5CS

				Initial Chloride Content				Co		[wt-%/cem]		Constant		0.1								Equation (B2.1-3)

				Chloride Migration Coefficient				DRCM,0		[in2/yr]		Normal		0.644		0.258		0.636		0.254

				Aging Exponent				α		n/a		Beta a=0, b=1		0.60		0.15		0.45		0.20

				RCM Testing age (28 days)				to		[yr]		Constant		0.0767

				Transfer Parameter				kt		n/a		Constant		1.0

				Steel Reinforcement Properties																		Equation (B2.1-4)

				Reinforcing Type/ Grade		Carbon		M31/A615

				Critical Chloride Threshold				Ccrit		[wt-%/cem]		Beta a=0.2, b=2		0.6		0.4

				Clear Cover				cov		[in]		Log-Normal		2.5		0.35



				In-Service Monitoring										Chloride Diffusion Coefficient at age t, Dapp,C(t)				Surface Chloride Concentration, CS or CS,∆x				Aging Exponent, α				Service Life, tSL		End of Service Date

				Life Cycle Stage		Testing Date		Age, t [yr]		No. Samples		Test Method		[mm2/yr]				[wt-%/cem]				n/a				[yr]		[yyyy]

														Mean, μ		Std Dev, σ		Mean, μ		Std Dev, σ		Mean, μ		Std Dev, σ

				Design/Construction

				Assumed Design (Trial Batch)				0.0767				NT Build 492		0		0.1		0.78		0.39		0.6		0.15		>100		2117

								100						0.005

				As-Constructed		6/1/17		0.0767		3		NT Build 492		0		0.1		0.78		0.39		0.45		0.2		100		2117

								100						0.013

				In Service Durability Monitoring										Measured Properties from Chloride Profiling Tests								Regression Calculation				Monte Carlo Calculation

				Monitoring Inspection 1		6/1/19		2						0.095				0.78		0.39		0.386		0.171		67		2084

				Monitoring Inspection 2		6/1/21		4						0.07				0.78		0.39		0.393		0.174		70		2087

				Monitoring Inspection 3		6/1/25		8						0.05				0.78		0.39		0.403		0.179		74		2091

				Monitoring Inspection 4		6/1/37		20						0.038				0.78		0.39		0.397		0.176		72		2089

				Monitoring Inspection 5

				Monitoring Inspection 6

				Monitoring Inspection 7

				Monitoring Inspection 8

				Monitoring Inspection 9				100







				Structure Component In-Service Data Analysis



































































































Worksheet for Aging Exponent, α



Design	7.6700000000000004E-2	100	0.3391870614435451	4.5847588316493193E-3	As Constructed	7.6700000000000004E-2	100	0.33497355757468122	1.3279093824699224E-2	In Service (Data Points)	

7.6700000000000004E-2	2	4	8	20	100	0.33497355757468122	9.5000000000000001E-2	7.0000000000000007E-2	0.05	3.7999999999999999E-2	Age [yrs]





Apparent Chloride Diffusion Coefficient, Dapp,C [in2/yr]



















Structural Component - Cover

		Structure Component Data - Cover Measurements



		Component Name						Deck						Standard				German Concrete and Construction Association - DBV, Concrete Cover and Reinforcement per Eurocode 2

		Location						Span 1		top mat

														Sampling				Grid sampling (equally spaced measurement points)



























































				As-Constructed Cover Dimensions at Grid Points [in]

						A		B		C		D		E		F		G		H		I		J		K		L

				1		2.52		2.20		2.60		2.99		2.05		2.87		2.72		2.80		3.11		2.99		3.11		2.83

				2		2.40		2.20		2.48		2.72		2.72		2.76		2.91		2.99		2.17		2.83		2.99		2.09

				3		2.24		2.24		1.46		1.57		2.52		2.20		2.36		2.20		2.20		1.89		1.85		2.24

				4		1.93		2.01		1.65		2.01		2.24		2.28		2.24		2.13		2.32		2.48		2.52		2.80

				5		2.28		2.40		2.09		1.93		2.01		1.89		2.17		1.97		1.81		1.93		2.56		2.32

				6		2.99		3.11		2.48		2.09		3.15		2.91		2.83		2.56		2.83		2.72		2.83		2.28

				7		2.24		2.99		3.15		1.10		2.60		2.91		2.44		2.99		2.24		2.48		2.24		2.40

				8		2.13		1.85		2.20		2.20		2.13		2.83		2.52		2.40		2.20		1.77		2.32		2.48

				Statistical Evaluation of Measured Cover Depths, all units [in]

								Target threshold %				5%						Qualitative Procedure

								Nominal cover		cnom		2.5						# measurements < cmin		10				# allowed per N		7		NG

								Safety margin		Δc		0.6

								Req'd minimum cover		cmin		1.9						Quantitative Procedure

								Sample size		N		96						Outlier cover		XOG		= 2.5XM - 1.5Xmin				4.20

								Median		XM		2.34						Location parameter		r		= (X + XM)/2				2.37

								Min		Xmin		1.10						Form parameter		k		=1.8 r/s				10.21

								Mean		X		2.40						Threshold value		c(5%)		= r/(19		1/k)		1.78

								Std. Dev.		s		0.42						Parameter p(x)		p(x)		= cmin/r				0.80

																		% of cover depth <cmin		F(x)		= p(x)k/(1+p(x)k)				9%		>5% NG
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In-Service Issues

• Monitoring actual performance vs. design
• Monitoring tests are often destructive (taking 

cores)
• Alternative to coring is to cast additional test 

specimens and store on project site in same 
environmental exposure

• Frequency of testing – suggest 10-20 year 
intervals



In-Service Monitoring & Testing

Objective Potential Testing 
Specifications

Information Obtained

Develop chloride profiles 
from concrete cores taken 
from structure to verify 
concrete chloride durability 
resistance properties and 
chloride loading 

Nordtest Method NT Build 
443 (Bulk Diffusion Test) 

Dapp,C , Apparent Chloride 
Diffusion Coefficient  as it 
changes with time, and CS or 
CS,Δx and ∆x to verify 
Chloride Surface 
Concentration. Used to 
determine α, the aging 
exponent in the chloride 
deterioration model

ASTM C1543 (Salt Ponding 
Test)
ASTM C1556 (used with 
ASTM C1543)

Measure carbonation depth RILEM CPC-18 xc(t), Carbonation depth 
versus time, t, used in the 
carbonation deterioration 
model

Accelerated Carbonation Test 
(ACC) / DARTS

Nordtest Method NT Build 
357



Monitoring & Documentation

In-Service Monitoring
Chloride Diffusion 

Coefficient at age t, 
Dapp,C(t)

Surface Chloride 
Concentration, CS or 

CS,∆x Aging Exponent, α
Service 
Life, t SL

End of 
Service Date

Life Cycle Stage
Age, t 

[yr] Test Method

[in2/yr] [wt-%/cem] n/a [yr] [yyyy]

Mean, μ
Std Dev, 

σ Mean, μ Std Dev, σ Mean, μ
Std Dev, 

σ
Design/Construction
Assumed Design 0.0767 NT Build 492 0.339 0.136 0.78 0.39 0.6 0.15 >100 2117

100 0.005
As-Constructed 0.0767 NT Build 492 0.335 0.134 0.78 0.39 0.45 0.2 100 2117

100 0.013
In Service Durability 
Monitoring

Measured Properties from Chloride 
Profiling Tests

Regression 
Calculation

Monte Carlo 
Calculation

Inspection 1 2 ASTM C1556 0.095 0.038 0.78 0.39 0.386 0.171 67 2084
Inspection 2 4 ASTM C1556 0.07 0.028 0.78 0.39 0.393 0.174 70 2087
Inspection 3 8 ASTM C1556 0.05 0.02 0.78 0.39 0.403 0.179 74 2091
Inspection 4 20 ASTM C1556 0.038 0.015 0.78 0.39 0.397 0.176 72 2089
Inspection 5
Inspection 6
Inspection 7
Inspection 8
Inspection 9 100



Monitoring & Documentation
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Worksheet for Aging Exponent, α

Design As Constructed
In Service (Data Points) In Service (Regression Fit)



In-Service Monitoring & Testing

Objective Potential Testing 
Specifications

Information Obtained

Petrographic analysis ASTM C856 / Standard 
Practice for Petrographic 
Examination of Hardened 
Concrete

Reactions occurring in the 
concrete, e.g., alkali 
aggregate, sulphate attack, 
leaching.

Surface half cell electrical 
potentials

ASTM C876 / Standard Test 
Method for Corrosion 
Potentials of Uncoated 
Reinforcing Steel in Concrete

Variation in surface electrical 
potential as generated by the 
reaction of the 
reinforcement with its local  
environment  vs. a standard 
reference electrode



In-Service Monitoring & Testing

Objective Potential Testing 
Specifications

Information Obtained

Insitu 4 pin Wenner probe 
concrete resistivity (natural 
and after concrete 
saturation, e.g., by spraying 
with water for an hour)

AASHTO TP 95 / Surface 
Resistivity Indication of 
Concrete’s Ability to Resist 
Chloride Ion Penetration

Natural gives areas of 
dampness where corrosion is 
a higher risk. Saturated gives 
an indication of the concrete 
quality and likely corrosion 
rate that would be 
supported.

Saturated core 4 pin Wenner 
probe concrete resistivity

Indication of concrete quality 
and likely corrosion rate that 
would be supported.

Ultrasonic pulse echo, 
impact echo and radar along 
post-tensioning line where 
grout specifications are 
suspect

Guidelines - "Improved 
Inspection Techniques for 
Steel Prestressing/Post-
tensioning Strand" / Florida 
DOT Contract No. BDK80 
977-13, June 2012

Post-tensioning grouting 
adequacy. Degree of duct 
filling  to identify if further 
inspection and grout filling is 
required.



Documentation

• Design
– Identify tests to be performed
– Material durability & geometric design 

properties
• As-Built Construction

– Achieved material durability & geometric 
properties

• In-Service
– Measured performance



Questions?

Implementation Leads:
• Patricia Bush, AASHTO Program Manager for 

Engineering, pbush@aashto.org
• Raj Ailaney, FHWA Senior Bridge Engineer, 

Raj.Ailaney@dot.gov
Subject Matter Expert Team:
• Mike Bartholomew, CH2M, 

mike.bartholomew@ch2m.com
• Anne-Marie Langlois, COWI North America, 

amln@cowi.com
Resource: AASHTO’s R19A Product Page
• http://shrp2.transportation.org/Pages/ServiceLifeDesignf

orBridges.aspx

mailto:pbush@aashto.org
mailto:Raj.Ailaney@dot.gov
mailto:mike.bartholomew@ch2m.com
mailto:amln@cowi.com
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