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Objective and scope
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Key questions:

* What are the implicationsof the
observable damage?

* Whatisthe capacityin the damaged state?

* Whatisthe capacity after epoxy repair?

Focus is on ‘moderate’ plastic hinging

damage:

* No crushing of core concrete

* No buckled or fractured reinforcement

* No wide shear cracks indicatingyielded
transverse reinforcement

Focus is on beams, but the research has
implicationsfor columnsand walls
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Marder, K., Motter, C. J., Elwood, K. J., & Clifton, G. C. (2018). Testing of Seventeen Identical Ductile
Reinforced Concrete Beams with Various Loading Protocols and Boundary Conditions. Earthquake Spectra.
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Axial restraint system AUCKLAND
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Type CYC Type LD-1 Type LD-2
Type CYC-NOEQ Type P-1 Type P-2
1.4% peak drift during 2.2% peak drift during
earthquake earthquake

Red= Earthquake-type displacement history

LD = Earthquake displacement history derived
using a long duration ground motion

P = Earthquake displacement history derived
using a pulse-type ground motion
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Effect of moderate-level loading cycles AUCKLAND
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Marder, K. J., Motter, C. J., Elwood, K. J., & Clifton, G. C. (2018). Effects of variation in loading protocol on the
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Effect of moderate-level loading cycles AUCKLAND
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Reduction in steel strain capacity AUCKLAND
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. . Reduction in uniform strain due to:
Increase in reloading (a) Low-cycle fatigue

strength due to strain b G .
ageing + hardening (b) Strain ageing
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v Adapted from Pussegoda (1978)
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Reduction in steel strain capacity AUCKLAND
-Low-cycle fatigue
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Reduction in steel strain capacity AUCKLAND
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Data: Restrepo-Posada etal (1994) and Loporcaro et al (2016)



Engineering stress [MPa]

Reduction in steel strain capacity

AUCKLAND
- Strain ageing + LCF
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So does moderate damage ‘reduce’ the AUCKLAND
residual capacity?
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How much stiffness is lost?
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® Circular columns - after previous shake table tests

A Beam specimens - after initial earthquake loadings
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How to estimate the peak deformation AUCKLAND
demands during the damaging earthquake?

NEW ZEALAND

* Very important to understand the demands imposed on a damaged
building before trying to assessit.

* No sense conducting a detailed seismic assessment on a damaged
building if you can’t evaluate how it responded in the first earthquake!

N

Existing post-earthquake
assessment guidelines use the
maximum residual crack width as
a key damage indicator
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Residual crack widths versus elongation
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Distribution of cracking metrics? AUCKLAND
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Shear force (kN)

Epoxy repair
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Axial elongation (mm)
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Epoxy repair AUCKLAND

Te Whare Winanga o Tamaki Makaurau

NEW ZEALAND

LD-2 LD-2-R CYC-NOEQ
(unrepaired after EQ) (repaired after EQ) (undamaged prior to cycling)
' ' \ /
325 | { 3251 20 < ! * Post-repair strength increases as a result
of higher reo strain.
251 /1 23] 10 * Deformation capacity is similar between
repaired and undamaged cases
125+ 125 ¢ 0 s A
-3.5 0 3.5
Lateral drift (%) / \
: 150
0 . 0
3.5 0 35 35 0 3.5 =
Lateral drift (%) Lateral drift (%) 100 F _fgg
Initial EQ loading Cyclic loading —-—- NZS 3101 Elongation Eq. [ ."‘.-",
1
— 2 HH
=) I |
V O I.II I;l,
o
g o
. . . . f]
Residual elongation at the time of repair causes 5
an increase in cumulative elongation (and Il
therefore longitudinal reo strain!)
-100¢ —Repaired
—Undamaged
-150 . ,
-5 0 5

Lateral drift (%)



THE UNIVERSITY OF

Repair after failure — strain aged bars AUCKLAND
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New concrete poured

Damage after original test:
Bars only buckled on one
side. Approx. 25mm
residual elongation.

Unbuckled bars left in place




Testing six
months after
original test.
Strain aged
bars again
didn’t buckle

Prior strained | Repairedbars
barsin tension | in tension
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* Prior loading cycles below 2% drift have minimal
impact on drift or energy dissipation capacity.

* Residual crack widths alone do not provide
reliable estimate of peak drift demands.

* Prior earthquake loading results in reduction in
stiffness proportional with ductility demand.

— Epoxy repair can recover 80% of original stiffness
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Thank you
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What about low-cycle fatigue?

Coffin-Manson equation: €a = glf(ZNf)C

a Marder et al, [1994)

& Ghannoum and Slavin (2016)
# Brown and Kunnath [2004)
| Hawileh et al [2010b)

+ Loporcaro (2017)

Coffin-Manson eguation (Mander el al. data)

————— Coffin-Manson eguation [All data with clear spacing 4db or less)
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Forunbuckled bars: £, = 0.093(2N;)

Equivalent to 40 cycles at a strain reversal of 0.03
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What about low-cycle fatigue?

Strain history measured on beam specimen
during long duration earthquake loading
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Drift Capacity AUCKLAND
- limited by sliding shear
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