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What does a 
high strain rate 

bond failure 
look like?
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 Development Length Design
 Stringent detailing requirements
 Ignore rate effects on bond “capacity”

State-of-the-PracticeState-of-the-Practice
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The Challenge:
Does not address detailed design, assessment 
of existing, or contribute to state‐of‐the‐art
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State-of-the-ArtState-of-the-Art

Solomos & Berra (2010)Weathersby (2003) Panteki et al. (2017)

 Bond strength is improved under high strain‐rate loading
 𝐷𝐼𝐹 between 1.1 to 4.0 (!), 𝜀ሶ ൎ 0.1 െ 10 𝑠ିଵ

 Concrete quality, cover depth, confinement

Small‐scale, pullout tests generate an 
unrealistic internal stress state.

https://vasshaug.net/ 4



ScopeScope
 Experimental shock tube tests of lap spliced beams
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ObjectiveObjective
1. Establish the high strain rate bond characteristics of 

realistically proportioned structures
2. Understand influence of key parameters
3. Incorporate bond 𝐷𝐼𝐹 into the design process
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University of Ottawa Shock TubeUniversity of Ottawa Shock Tube
Expansion 

Section
Aluminum 

DiaphragmsDiver Section Test Frame
Pressure Relief 

Vents

(a) Shock tube driver and expansion sections (b) Shock Tube Test Frame



Experimental ProgramExperimental Program

 Large-scale lap spliced beams under 
high strain rate loading

 Effect of:
- Concrete strength ?
- Bar size ?
- Cover depth ?
- Transverse reinforcement ?
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Test Specimens - ReinforcementTest Specimens - Reinforcement
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SPLICE 
SECTION

Splices designed to fail at 
400 MPa static stress

Equal cover depths



Test Specimens – Companion PairsTest Specimens – Companion Pairs
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Twenty‐five beams, twelve companion pairs

Concrete 
Properties

• Compression 𝑓௖
ᇱ

‒ 30, 50 MPa

Structural 
Properties

• Bar size
‒ 10M, 15M, 20M

• Concrete cover
‒ 25, 38, 50 mm

• Presence of 
confinement

Loading

• Strain‐rate
‒ 𝜀ሶ ൎ 10ି଺ 𝑠ିଵ

‒ 𝜀ሶ ൎ 1 𝑠ିଵ
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Test Procedure & InstrumentationTest Procedure & Instrumentation

Simple support 
with load cell

LVDTs

Simple support 
with load cell

Lap-spliced 
beam

Spreader 
beam

Hydraulic 
jack



Test Procedure & InstrumentationTest Procedure & Instrumentation

11

Simple support 
with load cell

LVDTs

Simple support 
with load cell

Lap-spliced 
beam

Load Transfer 
Device



CP4-HSRCP4-HSR CP9-HSRCP9-HSR

Unconfined spliceUnconfined splice Confined spliceConfined splice



Post-Test PhotographsPost-Test Photographs



HSR 𝜀ሶ ൎ 1 𝑠ିଵ

LSR
𝜀ሶ ൎ 10ି଺ 𝑠ିଵ



Dynamic Bond Strength Dynamic Bond Strength 
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where:
𝑓௦ ൌ Splice stress

@ failure
𝐴௕ ൌ Rebar area
𝑑௕ ൌ Diameter
𝑙௦ ൌ Splice length

𝑢 ൌ
𝑓௦𝐴௕

𝜋𝑑௕𝑙௦
(MPa)

 Maximum bond strength 𝑢 developed at splice failure

Effect of:
- Concrete strength ?
- Bar size ?
- Cover depth ?
- Transverse

reinforcement ?
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15M
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Dynamic Bond ForceDynamic Bond Force
 Normalize total bond force 𝑇௕ ൌ 𝑓௦𝐴௕ w.r.t to 𝑓௖

ᇱ଴.ଶହ

to investigate influence of structural configuration
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𝑙௦

𝑑௕

𝑐௠௜௡ ൑ ቊ min 𝑐௕, 𝑐௦௢
1/2 bar spacing

Crack splitting area:
𝑙௦ሺ𝑐௠௜௡ ൅ 0.5𝑑௕ሻ

𝐷𝐼𝐹௦௖ ൌ
Dynamic

Static ൌ
𝑇ௗ௕ 𝑓ௗ௖

ᇱ ଴.ଶହ⁄

𝑇௕ 𝑓௖
ᇱ଴.ଶହ⁄

Strain rate sensitivity of 
structural configuration:



Bars without Transverse 
Reinforcement
Bars without Transverse 
Reinforcement
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Influence of Structural Configuration for 
Unconfined Splices
Influence of Structural Configuration for 
Unconfined Splices

𝐷𝐼𝐹௦௖ ൌ െ1.20 ൈ 10ିହ𝑙ௗ 𝑐௠௜௡ ൅ 0.5𝑑௕ ൅ 1.04 ൈ 10ିଷ𝐴௕ ൅ 1.18 ൒ 1.00



Practical SignificancePractical Significance
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𝐷𝐼𝐹௦௖ ൌ െ1.20 ൈ 10ିହ𝑙ௗ 𝑐௠௜௡ ൅ 0.5𝑑௕ ൅ 1.04 ൈ 10ିଷ𝐴௕ ൅ 1.18 ൒ 1.00

↑ 𝑙ௗ 𝑐௠௜௡ ൅ 0.5𝑑 ,  ↓ 𝐷𝐼𝐹௦௖
– Bond forces are not uniform
– Bond failures are localized & incremental

 ↑ 𝐴௕, ↑ 𝐷𝐼𝐹௦௖
– Wedging action of lugs
– Activates lateral inertial confinement

 Lower limit 𝐷𝐼𝐹௦௖ indicates no strain rate decrease

  

Inertial 
confinement



Protective DesignProtective Design
1. Minimum dynamic development length 𝑙ௗௗ shall be calculated by:

𝑙ௗௗ ൌ
1

𝐷𝐼𝐹௟೏

3
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where:
𝑆௙೤ ൌ 𝐴𝑆𝐹 ൈ 𝐷𝐼𝐹 for steel

𝑆௙೎
ᇲ ൌ 𝐴𝑆𝐹 ൈ 𝐷𝐼𝐹 for concrete

𝐷𝐼𝐹௟೏ ൌ െ1.10 ൈ 10ିହ𝑙ௗ𝑑௖௦ ൅ 8.50 ൈ 10ିସ𝐴௕ ൅ 1.11 ൒ 1.00

2. Valid for far-range blast effects 𝑍 ൐ 1.2 𝑚 𝑘𝑔ଵ ଷ⁄⁄
3. Check development for all other load combinations
4. Satisfy all detailing requirements specified in ASCE/SEI 59-11
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Reduction in dynamic development length of
ൎ 15% compared with current practice



SummarySummary
1. Established the high strain rate bond 

characteristics of realistically proportioned 
reinforced concrete structures

2. Understand influence of key parameters

3. Incorporate bond into the design process
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Thank you!Thank you!
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