. HOKKAIDO UNIVERSITY

Title ASSESSMENT METHOD OF SEISMIC PERFORMANCE FOR CORRODED REINFORCED CONCRETE BUILDINGS

Author (s) CHIU, C. -K.; TU, F. -C.

The Thirteenth East Asia-Pacific Conference on Structural Engineering and Construction (EASEC-

Description 13), September 11-13, 2013, Sapporo, Japan.

Proceedings of the Thirteenth East Asia-Pacific Conference on Structural Engineering and

Relation Construction (EASEC-13), September 11-13, 2013, Sapporo, Japan, C-1-6.
Citation Proceedings of the Thirteenth East Asia-Pacific Conference on Structural Engineering and
Construction (EASEC-13), C-1-6
Issue Date 2013-09-11
Doc URL https://hdl. handle.net/2115/54268
Type conference paper
File Information easec13-C-1-6. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




ASSESSMENT METHOD OF SEISMIC PERFORMANCE FOR
CORRODED REINFORCED CONCRETE BUILDINGS

C.-K. Chi" and F.-C. Tt

Department of Construction Engineering, National Taiwan University of Science and Technology,
Taiwan
2National Center for Research on Earthquake Engineering, Taiwan

ABSTRACT

The effects of corrosion of reinforcing steel bass chloride ingress are seldom considered in
mechanical models of shear and flexural capacityaio RC beam or column. That is, seismic
capacity or how seismic capacity decreases ovee tiemains unknown. Therefore, this work
identifies corrosion-induced weight loss for remfog steel bars embedded in concrete.
Additionally, an estimating procedure is develogedh that structural engineers can evaluate the
seismic performance of a deteriorating RC buildigally, this work adopts an elementary school
on Lanyu Island, Taitung, Taiwan, as an example ahtifies its time-dependent seismic
performance.

Keywords. Seismic performance, Reinforced Concrete, Cormdieterioration, Pushover.

1. INTRODUCTION

Generally, seismic performance of an RC building ba assessed using the capacity spectrum
method suggested by the Applied Technology CoyAdilC-40 (1996)). By increasing a building’s
structural strength or ductility, or both, its seis performance can meet or exceed existing seismic
design codes. A structural retrofit of a buildingproves its capacity to resist seismic events.
However, since Taiwan is an island, many RC bugdinear the coastline suffer chloride ingress.
The safety and serviceability of such structures decreasing over time. For a deteriorating RC
building, even when its seismic performance meetie specifications in one seismic diagnosis, it
will decease and may become insufficient over tififeat is, corrosion of reinforcing steel bars in
RC buildings may decrease their structural intggumder earthquake excitation or even service
loads. Therefore, for both economical and safetyds, maintenance plans need time-dependent
deterioration models, including repair and rettofg work, to prevent serious damage to RC
buildings. An assessment method is needed thageantify corrosion-induced weight losses of
RC members and evaluate the seismic performaneedeteriorating RC building. The effects of
corrosion of reinforcing steel bars by chloriderggs are seldom considered in mechanical models
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of shear and flexural capacity for an RC beam duwroa. That is, seismic capacity or how seismic
capacity decreases over time remains unknown. Tdrerethe main purpose of this paper is to

develop an estimating procedure based on the siatiinear pushover analysis (pushover analysis)
such that structural engineers can evaluate tengeperformance of a deteriorating RC building.

Additionally, for engineers’ convenience, this papmiggests the probabilistic deterioration

prediction model and the visual estimation of detation degree according to the width of cracks
in concrete cover to evaluate corrosion-inducedytteioss of reinforcing steel bars. Finally, this

paper adopts an elementary school on Lanyu Islaaitiing, Taiwan, as an example and identifies
its time-dependent seismic performance.

2. EVALUATION METHOD OF CORROSION-INDUCED WEIGHT LOSS OF
REINFORCING STEEL BARS

2.1. Probabilistic model for chloride-induced deterioration

Deterioration of an RC building, which leads torosion of reinforcing steel bars, is primarily
caused by chloride ingress or carbonation. Thisepamly focuses on the chloride-induced
corrosion (Tottoret al. (2004)) (Fig. 1). To predict the corrosion-induaeeight loss of reinforcing
steel bars, besides of the corrosion rate (progagand acceleration stages), the time required for
chloride to corrode reinforcing steel bars (inibatstage) must be simulated using equations that
estimate the airborne chloride concentration, theride concentration on concrete surfaces, and
the diffusion of chloride ions.
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Figure 1 Deterioration process induced by chlongess.

Based on observation results obtained by Kato aathdfo (2005), we assume corrosion
initiates when the chloride concentration on thdase of reinforcing steel bars reaches a threshold
which is a random variable distributed uniformly tile range of 1.0 — 1.2 kgfmThis paper
accounts for uncertainties in chloride-induced detation analysis of this stage that are related t



the apparent diffusion coefficient, concrete-coteickness, and the chloride concentration on
concrete surfaces caused by environmental and ractien conditions (JSCE (2008)). When
corrosion probability that can be calculated udih@S reaches 10 % (ASTM C876 (1991)), this
time point is regarded as corrosion initiation (€hand Chi (2012)). Based on an existing
deterioration model (Takahasdtial. (2005)), we assume the rate of corrosion (mghgsar) in the
propagation stage is treated as a lognormal randamable with a mean value, which can be
derived using Eq. (1), and a coefficient of vadatiof 0.5. The effect of corrosion on material
degradation is assessed according to the degremrakion of reinforcing steel bars, where weight
loss is typically used as a quantifiable measwsén &q. (2).
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wherey is the density of reinforcing steel bars (mgicapproximately 7850) and; is the diameter
of reinforcing steel bars (mm).

According to the Architecture Institute of JapanlJA(AIJ (1997)), spalling of a concrete
cover is caused by the formation of cracks withtisdexceeding 0.5 — 1.0 mm. The corresponding
initiation threshold of the latter period of aceal®n stage is difficult to define. In this paptre
empirical result obtained by (Izawa and Matusim20@) is used to set the threshold as the weight
loss percentage of corroded reinforcing steel 88 36, which is treated as a lognormal distribution
with 0.26 as the coefficient of variation. To catesithe effects of environmental conditions on the
corrosion rate of reinforcing steel bars, this papges data for the corrosion rate of carbon steel
exposed to air at all test points along measuretireeg on the basis of the references (Niu (2003)).
Based on the research conducted by Niu (2003) toidihg the estimation equation for the
corrosion rate of reinforcing steel exposed to ar, excluded concrete-cover thickness from the
factors (Table 1). Referring to the above detetioramodel for chloride-induced corrosion,
corrosion curves of reinforcing steel bars, whiblow the relationship between mean weight loss
and time, can be plotted to estimate degradatidheomaterial properties of reinforcing steel bars.

Table 1 Regression equations for the corrosionaftarbon steel for the coastal regions in Taiwan

Dinci)Srign MeaEiLrJ]rgment Vorac (Mm/year) Mn(:gge\:ael?riro f mtc):(?e\lleorfror
Northern Suao ook = €% X (RH —0.45)"% d™ %% 1.13 0.58
Middle Taichung |V, =€ x(RH —0.45)*%%d™ %%? 1.31 0.73
Southern Kaohsiung | V, ., =€ x(RH —0.45)""%xd™ %%® 1.03 0.50
Eastern Hualien | Vias =€ x(RH —0.45)"*d" ***" 0.92 0.30

T : mean value of temperaturC] - RH : mean value of humidity (%) d : distance to the coastline (km)




2.2. Deterioration degree determined by visual estimation

In addition to the deterioration model, which caredict corrosion-induced weight loss for
reinforcing steel bars, this paper uses the guidsliof the AlIJ (AlJ (1997)) to investigate and
diagnose the durability of RC buildings to estimaterosion-induced weight loss of reinforcing
steel bars using the visual estimation method &erbration of an RC beam or column. The AlJ’s
guidelines (AlJ (1997)) have five degrees of caoosand four degrees of deterioration of a
member (Table 2). Table 3 lists the criteria faudl estimation of deterioration degree, including
non-, minor, moderate and severe deteriorationgchivare mainly based on the width of cracks in
concrete cover. However, the cracking of concreteecin a member occurs for various reasons.
Therefore, the cause of member cracking must betifebel before determining the deterioration
degree. However, when a member is slightly detatéal, removing its concrete cover to assess
visually reinforcement corrosion degree is impdssibhis paper mainly determines deterioration
degree based on the appearance of a member’s tsnoxer.

Table 2 Evaluation criteria for the degree of csiwa of reinforcing steel bars

Degree of corrosior Evaluation criteria Weight loss
Grade | No corrosion or only dotted rust <05%
Grade |l Extensive-dotted rust on surface 0.50-%.
Grade Il Dotted rust becomes surface rust, sorseflaats. 1.0-3.0%

Rust floats extensively and product from corrosipn
Grade IV of reinforcing steel bars is attached to concrete;] 3.0-5.0%
corroded area of reinforcing steel is less than.20%
Extensive thick-layered rust; corroded area of 0
Grade V reinforcing steel exceeds 20%. >5.0%

Table 3 Evaluation criteria for the degree of degten

Evaluation criteria

Degree of degradation _ . - -
J g Cracking of concrete surfaces COIrosion ofblgreslnforcmg steell

No obvious degradation Corrosion degree of reaifig steel

Non-deterioration )
bars is smaller than Il

No cracks along reinforcing steel barsCorrosion degree of reinforcing sted
width of crack caused by shrinkage Isbars is IlI

Minor
° smaller than 0.3mm. Dotted rust can
be seen.
Moderate Width of crack caused by corrosion isCorrosion degree of reinforcing steel

smaller than 0.5mm bars is IV

Width of crack caused by corrosion | Corrosion degree of reinforcing stee
exceeds 0.5mm, and concrete spallingars is V
Severe or floating, reinforcing steel bars
exposed to air, etc.

Corrosion degree of reinforcing sted
bars is not V, but corrosion degree of
most reinforcing steel bars is IV.




3. PLASTIC HINGE PROPERTIES OF A CORRODED RC MEMBER

3.1. Degradation of flexural and shear capacity of RC members caused by corrosion

Reduction in the shear and flexural capacity obacred RC beam or column is addressed when
investigating the seismic performance. Insteadasfasion reducing the area of reinforcement, a
decrease in its material properties, i.e., thedyigj stress and modulus of elasticity for steetj an
ultimate bonding stress between steel and con¢kete et al. (2008)), are used to modify the
plastic hinge properties for a corroded RC columbeam, which is needed in the nonlinear static
structural analysis. The reduction in the flexurapacity of RC members can be caused by the
yielding of main bars, and can also be calculatetased on bonding failure between the main bars
and concrete after evaluating ultimate bondingsstrBecause the bonding failure is a non-warning
failure pattern as the shear failure, it is regdrde a shear capacity related to the flexural-bandi
failure herein (Chiu and Chi (2012)). The flexucabacity of RC beams or columns caused by the
yielding of main bars for any corrosion levilyn, can also be estimated using the method stated in
Chiu and Chi (2012). In this paper, for an RC catuon beam with a double curvature, its shear
force corresponding to the flexural capaciy, can be estimated. The shear capacity of a catrode
RC beam or column can be estimated using the &medstheory and mechanical properties of
corroded reinforcing steel bars (Chiu and Chi (3R1&ccording to the research conducted by Chiu
and Chi (2012), in addition to the the shear cdpaender the stirrup yieldingyyn, the shear
capacity in the case of bonding failurdy;, can be considered as two items according to the
truss-arch theory. In this paper, the minimal vadfieshear capacities corresponding to the stirrup
yielding, bonding failure, and flexural-bondingltae is regarded as the shear capacity of a beam or
column,Vp.

3.2. Experiment with full-Size corroded RC beams

The experimental result for full-size beams withrroded stirrups (Ou and Chen (2011)) was
compared with the prediction result obtained frdra models stated above (Fig. 2). Although the
mechanical analysis model for corroded componegsproposed in this paper, cannot precisely
predict the experimental result (Fig. 2), conseveaimechanical properties after reinforcement
corrosion can be obtained.
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Figure 2 Experiment and analytical results of &ile corroded RC beams.
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3.3. Maodified plastic hinge propertiesfor corroded RC members

The accuracy of pushover analysis depends on thiedefened plastic hinges of each structural
element. This paper refers to the method proposedhb National Center for Research on
Earthquake Engineering (NCREE-09-023, 2009) focuwalting plastic hinge properties for RC
members. The failure models of beams or columndeetified by the NCREE (NCREE-09-023,
2009). According to the difference between the utek capacity and shear capacity, the failure
modes of a beam or column can be divided into figixdlexure-shear, and shear failures. For a
corroded RC beam or column, the reduction coefiisieof plastic hinge properties are defined
according to evaluation models for mechanical bendefore and after corrosion. These reduction
coefficients are combined with the current and esiteely used seismic evaluation procedure by the
NCREE (NCREE-09-023, 2009) for engineering convecge

4. CASE STUDY

The case study is an elementary school on Lanwandsllocated in the eastern side of Taiwan. It
has three buildings, named by North Building, Ca&nBuilding, and South Building, which were

constructed in different years (Table 5). The detation of these three buildings is evaluated gisin

the probabilistic deterioration prediction modelbavisual estimation of deterioration degree, as
stated in Section 2, respectively. Additionally,assess their lifetime seismic performance while
considering the corrosion effect, plastic hingeperties are modified according to reinforcement
corrosion of column members in each building.

The plastic hinge properties of deteriorating calumembers in the target buildings are
modified on the basis of corrosion-induced weighgskes. The seismic performance evaluation
method proposed by the NCREE is then used to aises®ismic performance of these buildings
while using the modified plastic hinge properti€sgure 3 shows the structural models of the
buildings, which are needed for seismic performaeealuation. In addition to the probabilistic
deterioration prediction model and visual estimataf deterioration degree, the average weight
losses of 10.0 % and 20.0 % are also assumeddes a@ith the severe corrosion. In addition to Fig.
18 of the pushover analysis results, Figure 4 skeismic performance results of the selected
buildings. Taking the north building as an examphMhen corrosion-induced weight loss is
evaluated using the visually estimated deterionatiegree, seismic performance decreases to 93.9
% of its original seismic performance. However séssmic performance decreases to 79.4 % when
the probabilistic deterioration prediction modelused to estimate corrosion. Thus, for these case
study buildings, the probabilistic deterioratiomgiction model is more conservative than the visual
estimation of deterioration degree.



(a) North Building (b) Central Building (c) Southulding

Figure 3 Structural models of the selected building

In scenarios with average weight losses of 10.é20.0 %, average seismic performance of
the buildings decreases to 80.5 % and 64.5 % af tiveginal average seismic performance,
respectively. Additionally, Figure 19 shows theat®Enship between service period and seismic
performance of the buildings. According to Taiwas&smic design code, the ground acceleration
of Lanyu IslandAr, is 0.32 g. Taking the south building as an exanaVerage corrosion-induced
weight loss of column members is 7.0 % and itsesponding seismic performaneég, is 0.32 g at
20 years, which equals the code design value. iEhakismic performance will be insufficient in
the 2F year. Additionally, if the specified service li50 years, its seismic performance decreases
to about 60.0 % of its original seismic performariterefore, the corrosion effect on the seismic
performance of RC buildings cannot be neglected nwpknning an appropriate maintenance
strategy for an RC building. If a deteriorating Rdilding is located in an environment with high
corrosion hazard, its seismic performance will dase over time; therefore, its seismic design must
consider the corrosion effect, such that its seiggerformance meets or exceeds the code within its
specified service life.
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Figure 4 Lifetime seismic performance of the saddiuildings.



5. CONCLUSION

This paper incorporates the mechanical models afoded members into the static nonlinear

analysis (pushover analysis) to construct a praeeftwr assessing the seismic performance of a
deteriorating RC building. For engineers’ convengnthis paper suggests the probabilistic

deterioration prediction model and the visual eation of deterioration degree to evaluate

corrosion-induced weight loss of reinforcing steats. Additionally, accurate visual assessments of
seismic performance of deteriorating RC buildingguire engineers’ experience to determine the
corrosion degree of reinforcing steel bars anduatalthe seismic performance.
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