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Background and Motivation

* Previous research (Stanford, U.Colorado, U Washington) has quantified the influence of
earthquake duration on building collapse safety.

* Shake-table experiments (Mohammed and Sanders, 2016) indicated that the reinforcing bars
under long-duration motions were subjected to a large number of high-strain cycles, which

led to significant effects of cyclic fatigue on the collapse resistance of the bridge column.

* Current seismic design standards do not explicitly consider the effect of earthquake duration.

Objectives

* Develop a fatigue-fracture material model of reinforcing steel accounting for local buckling

effects and cumulative damage under long-duration loadings.

* Quantify the duration effects on archetype bridge systems and develop improved design
details to mitigate the effect of duration on reinforced concrete bridge piers.

* Leverage research on cyclic deterioration to help qualify the use of high-strength

reinforcement in seismic design and construction of bridges.

Fatigue and Fracture of Reinforcement

* Rebar failure occurs due to micro void-growth and coalescence under large plastic strain

cycles as well as crack striation mechanism under small strain cycles.

* Necking-induced strain concentration and buckling induce strain localization.

* Empirical models have significant limitations especially under random earthquake loads.
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Validation with Shake-Table Test (University of Nevada, Reno)

A new uniaxial material, DuctileFracture, is developed and implanted in OpenSees to explicitly
simulate bar fracture in nonlinear dynamic analysis of reinforced concrete members
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The successive reinforcement ruptures observed in shake-table tests (Alian and Moustafa, 2019) are
captured well in the OpenSees fiber analysis.
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Proposed Reinforcement Ductile Fracture Model

The proposed reinforcement ductile fracture model quantifies the cumulative damage through

a Fracture Index (FI) which 1s defined as a function of local strain-stress responses and

calibrated material coefficients, C, 4, and

Cyclic deterioration  Symmetric Local stress
coefficient coefficient Triaxiality

\ ljdap\ _
= Ce ™ J'(,Be“” —e4 T)ds

/FI \\ :

Po

bt ¢ R

O

<_OO

~ 0 ©
5 O 0
O
OOO_> f/dfO/O\/
v

v

0 O

v B

Fracture Void-growth Local plastic
Index . strain increment i
coefficient Void growth Cyclic deterioration effects by
; . , (captured by () void coalescence, shrinkage
B=1.0+(8,-1.0) min (Ag,,,,A,,) and crack striation (captured
- . O .
Ag by / and f)
where, < "
9
. Y
P mln(AgmaX,Agth)
-7
Ag,,
Tensile ~ Centroid (c) Local strain histories (in/in) (e) Strain at tensile, centroid, and compressive side
\ 0.5 0.05
0.04
- 0.4 0.04
< o S 003}
| 1\ ; 0.1 0.02 ?: 0.02
E I\ Compressive  © 0 < 0.01
Lo s =
| : i 3 .g:; ’ 3 -oo;)
| 1 | - —
2 1 > - 0.3 n
-0.5 00 0.5 0.4 , -0.02 +
(a) Location (d,) 05 0.02 -0.03

012345678 910111213141516171819
(b) Testvs srlmulat'ed gauge stress-strain Half cycle number

01234567 8910111213141516171819
Half cycle number

__ 80 |Fracture (d) Local FI histories () FI at tensile, centroid, and compressive side

w60 rpoint 0.5 1 12+

’5« 40 F 0.4 - -

N “= 0.3 0.8 1+ |— — Tensile side

- 20 + T 0.2 0 S BB R B G Centroid

z of = 0.1 0.6 0.8 Compressive side |

2 20| E 0 = 0.6 1

o 40 | = -0.1 0.4

Z 60| g 02 0.4 1

C 8o} -l o 02 ol A
-100 . . : A . . ) 05 0 0 LAY NP NP S

002 001 0 001 0.02 9.0 004 0.05 013345673913 ULBNIIILY 012345678 910111213141516171819

Gauge strain (in/in)

Half cycle number

Half eycle number

Closed-form solutions of local strain demands after bar necking and buckling are developed

separately as functions of bar gauge strain demands.
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Long-Duration Effects on Bridge Column Performance
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Alternative design strategies are explored (with different displacement ductility demand factors and
confinement tie spacing ratios) to investigate their effectiveness for mitigating earthquake duration

effects on bridge column damage and collapse performance. 10 . .
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* A fatigue-fracture model was proposed and validated to simulate rebar fracture under random
carthquake loading

* The influence of ground motion duration on rebar fracture and bridge collapse risk 1s evaluated

 Strategies to mitigate the duration effect are proposed, including (1) closer reinforcing bar tie
spacing, and (2) increased strength to reduce displacement ductility demands.
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