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발표 순서

• 연구배경소개

•그라우트임계염화물량(Cl-)연구

•그라우트재료분리특성과황산염(SO4
2-)의부식성연구

•텐던부식에따른파단예측모델연구

•비파괴검사방법개발

•부식억제방법실증연구 (시간이허락하는경우)
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Background

•텐던부식에관한연방정부차원의연구필요성인식

• San Francisco-Oakland Bay Bridge 내부텐던부식문제발생 (2007)

• Varina-Enon 외부텐던파단문제발생 (2007)

•외부텐던용새로운비파괴검사방법개발시작 (2008)

• SikaGrout 300 PT Pre-Packaged Grout 관련문제발생

• VDOT and TxDOT 프로젝트에서재료분리로인한문제점발견 (2010)

• FDOT Ringling Causeway Bridge 외부텐던파단문제발생 (2011)

• FDOT I-4 Connector 프로젝트재료분리문제점발견 (2012)

• 일부시멘트에과다한염화물포함 (2012) 3



Background

•오염된그라우트의임계염화물량을정확히파악할필요성대두 (2012)

•수용성황산염의부식성연구필요성인식 (2013)

•텐던파단을예측할이론모델개발 (2015)

•내부텐던용새로운비파괴검사방법개발시작 (2017)

•지금까지알려진텐던부식사례와관련연구결과를취합하여텐던의

내구성에관련한종합보고서(synthesis report) 작성 (2019)

→상업화된차세대강연선의부식특성연구개시 (2020)

→선별된부식억제방법검증개시 (2020) 4



그라우트 임계염화물량 연구 (2012 – 2014)
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그라우트 임계염화물량 연구 (2012 – 2014)
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정상적인그라우트에서부식개시에필요한염화물농도는시멘트량을
기준으로 0.4%; 활발한부식진행에필요한염화물농도는 0.8%.

결함이있는그라우트에서는결함의특성과정도에따라크게낮아질수있음. 



그라우트 임계염화물량 연구 (2012 – 2014)
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그라우트 재료분리로 인한 황산염의부식 유발

Source: Lee, S-K. and Zielske, J. (2014), “An FHWA Special Study: Post-Tensioning Tendon Grout Chloride Thresholds,” Federal Highway Administration 
(FHWA-HRT-14-039). 8

   

   

Free sulfate Analysis Results



그라우트 재료분리로 인한 황산염의부식 유발
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[Ringling Bridge]

[서호교]



그라우트 재료분리 특성과 황산염의부식성 연구
(2014 – 2019)
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그라우트 재료분리 특성과 황산염의부식성 연구
(2014 – 2019)
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그라우트 타입과 위치별 수용성 황산염의 농도

[Product 1 
- normal]

[#2 Old Product 3 
- Extra water]
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Chloride versus Sulfate

• pH 8.0 및 10.0 용액속의황산염및염화물은유사한이온농도에서비슷한평균부식속도보임. 

• 황산염에의한부식속도는 pH가 12.5, 13.6으로증가함에따라실질적으로감소→농도에관계없이 pH 

13.6 용액에서 0에근접.

• 염소이온은 pH 12.5, 13.6 용액에서도황산염에비해높은부식속도를유발. 
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그라우트 재료분리+황산염→심각한 부식 손상

Source: Hartt, W. H. and Lee, S-K. (2018). “Corrosion Forecasting and Failure Projection of Post-Tensioned Tendons in Deficient Cementitious Grout,” Federal 
Highway Administration (FHWA-HRT-17-074).
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텐던 부식에 따른 파단 예측 모델 연구 (2015 – 2017)

Source: Hartt, W. H. and Lee, S-K. (2018). “Corrosion Forecasting and Failure Projection of Post-Tensioned Tendons in Deficient Cementitious Grout,” Federal 
Highway Administration (FHWA-HRT-17-074). 15



Electrically Isolated Tendons

Source: Accelerating Market Readiness (2018). “Electrically Isolated Post-Tensioning Tendons for More Durable Bridges,” Federal Highway Administration, 
https://www.fhwa.dot.gov/bridge/concrete/amr_eit.pdf. 16

https://www.fhwa.dot.gov/bridge/concrete/amr_eit.pdf


PSC 거더 비파괴검사방법 평가 (2012 – 2019)

[December 2005]

[Impact Echo] [Ultrasonic Surface Wave] [Ultra Pulse Echo]
[GPR]

[Corrosion Testing] 17



PSC 거더 비파괴검사방법 평가 (2012 – 2019)

MFL System - 2012
(University of Wisconsin-Milwaukee)

Remnant Magnetism System - 2013 
(Ingenieure Für Das Bauwesen)

Robotic MFL System - 2019
(University of Wisconsin-Milwaukee)
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외부텐던용 비파괴검사방법 개발 (2008 – 2018)
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[Ultrasonic]

[Sonic Echo/Impulse Response]

Permanent 
magnets

[Magnetostrictive Sensor] [Remnant  Magnetic]

[Microwave Thermoreflectometry] [Magnetic Main Flux Method] 

최종선정된
비파괴검사방법



외부텐던용 비파괴검사방법 개발 (2008 – 2018)

[Tokyo Rope Solenoid Type 1세대] [Tokyo Rope Solenoid Type 2세대] [Varina-Enon Bridge Field Trial]

[Varina-Enon Bridge Field Trial][FDOT Ringling Bridge Evaluation Project] [Tokyo Rope Permanent Magnet Type]
20



단면손실 감지 능력

• Solenoid Type: 0.4% (point measurement) and 1.0% section loss (scan measurement)

• Permanent Magnet Type: 3.0% (scan measurement).

y (at 55 kA/m) = -5.0349x + 519.78
R² = 0.9975

y (at 38 kA/m) = -5.1518x + 509.85
R² = 0.9928

y (at 55 kA/m) = -4.9681x + 497.94
R² = 1

y (at 38 kA/m) = -4.7288x + 471.36
R² = 1
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외부텐던용 비파괴검사방법 외부 평가 결과

Sources: Hurlebaus, S. et. al, “Condition Assessment of Bridge Post-Tensioning and Stay Cable Systems Using NDE 
Methods,” NCHRP full report (Project No. 14-28), TRB, September 2016; TRB Webinar, October 2017. 
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외부텐던용 비파괴검사방법 외부 평가 결과
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[1차테스트, 2016년 8월]

[2차테스트, 2017년 7월]



내부텐던용 비파괴검사방법 개발 (2017 – ????)
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내부텐던용 비파괴검사방법 개발 (2017 – ????)
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내부텐던용 비파괴검사방법 개발 (2017 – ????)
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감사합니다.
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차세대 강연선 내식성 평가 (2020 – 2022)

[Salt Spray Testing] [In-Grout Testing]

[Aqueous Solution Testing]

강연선시편종류
1. ASTM A416 Bare Strand
2. Hot Dip Galvanized Strand
3. Zinc Alloy Coating Strand
4. Flow-Filled Epoxy Coated Strand
5. 2205 Duplex Stainless Steel Strand

연구목적
1. 신설 PT 교량에그라우트나
왁스없이사용가능?

2. 신설 PT 교량에그라우트와
함께사용할경우부식억제성능?
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Impregnation Method (FDOT, VDOT)

VDOT data (July 2015): $12,222 per tendon (mobilization for $3,947 and injection for $8,275) 29



Impregnation Method (Vendor Data)

“Prior to completing impregnation, the moisture content of the 

strands was tested to ensure the strands, voids and grout was not 

saturated with water. As a result, drying of the strands and 

surrounding grout was not required prior to impregnation.” 

Sources: 2015 TRB Presentation Material; Whitmore, D. and Lasa, I., (2014). “Cable Impregnation for Post-Tension 
Grouting Problems.” 30



Impregnation Method (FDOT Lab Data)

   

[Salt Fog Testing] [Salt Water Ponding Testing]

   

   

   

[Ponding Specimen-Treated]

[Fog Specimen-Treated]

[Fog Specimen-Control]

Source: “Evaluation of a Silicon Based Polymer Corrosion Inhibitor for Post-Tensioned Tendons,” Interim Unofficial Report, FDOT.31



Impregnation Method 실험실 평가 (2020 – 2023)
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