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Abstract. One of the factors affecting repair feasibility of buildings damaged by
earthquakes is the potential effects of strain ageing of reinforcement. Since strain ageing
can lead to an increase in structural member strength and ductility reduction, the strength
hierarchy set through capacity design disruptions can be disrupted leading unexpected
seismic response of individual members or the structure as a whole. In this study, from
simple tensile tests on reinforcing bars, we identified three factors that affect strain ageing:
vanadium content, ageing period, and pre - strain, and constructed a formula for predicting
changes in reinforcing bar properties using these factors. And, from seismic response
analysis of Japanese RC buildings and experiments on RC beam members, the maximum
strain of reinforcing bars was 1.7% and 2.3%, respectively, in response to design level 2
earthquake motion. Using the simple relationships between the expected strains of
members in this analytical model, we created a building model that adjusted for the effects
of strain ageing on reinforcing bars after an earthquake, and performed seismic response
analysis again. As a result, no major differences were observed in future seismic responses.
The reason for this is thought to be that Japanese RC buildings have high rigidity and yield
is limited.

Keywords: Strain ageing, Repair, Steel reinforcement, Prediction model, Beam
experiment

1 Introduction

In recent years, the increasing desire for sustainable and reusable buildings, the significance of repairing
buildings damaged by earthquakes has been increasing. Strain ageing is one of the factors that changes
the seismic performance of buildings after repair. As shown in Fig. 1, strain ageing is a phenomenon
that occurs in steel over time after plastic strain is applied, which causes a decrease in ductility, increase
in strength, and a reappearance of the yield point. Strain ageing of reinforcing bars can affect the seismic
performance of reinforced concreted (RC) buildings, because a decrease in ductility of reinforcing bars
can cause brittle failure of members, and a non-uniform increase in strength of all members can cause a
change in the failure mode of buildings. An example of an unfavorable scenario that can be result by
strain ageing is an increase in the yielding strength of beams over time following an initial earthquake,
which would reduce the beam-column moment ratio and cause a transition of frame response from a
beam-sway (beam yielding) to a column-sway (column yielding) collapse mechanism.

Although there have been some previous studies on strain ageing®®, no predictive models have been
developed, and no quantitative predictions of the effects have been made for RC buildings or steel
reinforcement. Therefore, the objective of this paper consists in three parts. The first objective is to
summarize the factors that affect the change in properties of reinforcing bars due to strain ageing from
simple tension experiments, and to introduce a model to quantify these effects. The second objective is
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to use this model to quantify the magnitude of strain ageing expected in reinforcing bars of typical
Japanese RC buildings following earthquake events. Finally, the effect of strain aged reinforcing bars
on the future seismic performance of RC buildings will be examined via numerical modelling.
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Fig. 1. Schematic diagram of stress-strain curve of reinforcing bars affected by strain ageing effects.

2 Overview of predictive model for strain ageing of reinforcing bars?

2.1 Experiment outline

In this section, a predictive model of strain ageing effects previously developed by the authors® will be
introduced. The predictive model was developed from experimental data of reinforcing bars that were
pulled to a specific strain (hereinafter referred to as ‘pre-strain’, &), and after unloading were strain aged
by allowing a specific amount of time to elapse (hereinafter referred to as ‘ageing period’, ta). For bars
with a long ageing period ta (more than 3 months), strain ageing was accelerated by heat treatment
procedures based on previous literature?. Following the ageing period, the bars were tension tested to
failure to measure differences in ductility and strength characteristics. In this paper, the strain at necking
(i.e., the point at which the maximum tensile strength is reached and the strength starts to decrease) was
used as an index for ductility, and ultimate tensile strength and yield strength were used as indices for
strength. A total of 84 tensile tests were conducted.

2.2 Results on key contributing factors to strain ageing phenomenon

From the experimental results, it was determined that the general trend, regardless of the grade
specification of the rebar, was as follows: (i) vanadium V content (1v) showed a clear inverse-linear
relationship to the increase in yield strength due to strain ageing, (ii) the ageing period t. was
exponentially correlated to the increase in ultimate/yield strength and decrease in ductility, and (iii) the
amount of pre-strain &, was directly correlated to the maximum expected change in strength and ductility
characteristics regardless of ageing period.

2.3 Prediction formula for strain ageing effects

The symbols used in the proposed prediction formula and the definition of property change are described
first. As shown in the gray line in Fig. 1, the stress-strain curve of a normal rebar subjected to a tensile
test first reaches its yield strength ov, which is followed by a yield plateau and subsequent strain
hardening at a strain value designated as eyn. After reaching ultimate strength capacity, s, the rebar
begins necking, gradually losing strength, and finally fracturing. The strain at the start of necking
projected to the x-axis (using initial Young’s modulus) is defined as the ¢r. If a virgin bar (shown by the
blue line in Fig. 1), is unloaded and allowed to strain age part way through loading, the reloading stress
o - strain ¢ curve (shown as orange line in Fig.1) changes such that the yield plateau remerges,
yield/ultimate strength increase and ductility decreases. The key quantities on the reloading ¢ — ¢ curve
are indicated with an apostrophe: with ¢'v representing yield strength, o's representing ultimate tensile
strength, and &'r representing ductility.

The proposed predictive model utilizes dimensional metrics to quantify changes ductility Sr, ultimate
tensile strength Sg, and yield strength fSv. Definition for these metrics are provided in Eq. (1) ~ (3),
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respectively. Conceptually, these metrics represent the ratio of the change in a given properties due to
strain ageing as a percentage of the equivalent property had strain ageing not occurred.

Br = Aeg/eg = (ep — r) /€ €9)
Bg = Aog/og = (op — o)/ 0p (2)
By = Aoy /oy = (oy — 00)/03/ 3)

The mathematical structure of the proposed model is shown in Eq. (4) ~ (6) and is based on the concept
that each property change converges from a starting point of 0 to a maximum ‘saturated’ value with the
passage of the ageing period ta, and that the maximum value is a function of Av and &. The maximum

converged values are represented by fr, fg, and fv, as defined in Eq. (7) ~ (9).

Br = —fr(Ay, &) (1 — eta/180) (4)

B = f5(Ay, &) (1 — et4/°1) (5)

By = fy(Ay, &) (1 — e~ta/77) (6)

fr(Ly, £5) = 5.4(0.25 — 2802;)(—0.015 + 7.5¢5) = 0 7)

fo(Ay, £9) = 29(0.064 — 2102, (—0.0025 + 1.2¢5) = 0 (8)
£, (Ay, £9) = (0.22 — 3504 )&} = 0

gg>¢&py: 1 9

€0 :{50 < &y 1/4

2.4 Verification of accuracy of prediction formula

The accuracy of the prediction equations is verified against the results of the experiments reported in
this paper and those of previous studies. Eq. (10) ~ (12) show the equations for the predicted ductility
¢'r, Ultimate tensile strength ¢'s, and yield strength ¢’y after being affected by strain ageing.

ep = &g X (1 + Br) (10)
op =0 X (1+ Bp) 11)
oy = 09 + 0y X By (12)

The relationship between the predictions and experimental measurements is shown in Fig. 2. Note that
the experimental results reported in Momtahan et al.¥ and Pussegoda® did not have sufficient detail to
calculate ¢'r, S0 these experimental results are not included in Fig. 2 (a). Fig. 2 (a) shows that the
prediction equation for ductility loss generally agrees with the measured values, but the prediction error
exceeds 10%. This is likely to the inaccuracy of the manual ‘punch mark’ method used to measure this
guantity. On the other hand, Fig. 2 (b) and (c) show that the predicted and measured values for the
increase in strength characteristics are generally within 10%. These models are applied to augment the
performance of RC members in a building analyzed later in the paper.
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Fig. 2. Relationship between measured values and predicted values.
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3 Strain of reinforcing bars during earthquake response

In the previous section, a prediction equation for the change in the properties of reinforcing bars due to
strain ageing was introduced. In this section, the expected rebar strains in buildings subjected to
earthquakes is estimated using analytical and experimental results. The expected rebar strains are then
substituted into the model introduced in the previous section to predict the long-term change in rebar
properties expected after the earthquake. In this paper, we will solely focus on the effects of change in
yield strength Sy as a rebar is typically not expected to reach ultimate tensile strain (unless buckling
effects are considered).

3.1 Analytical investigation: earthquake response analysis overview

The building chosen for consideration is a 10-story RC building taken from the Book of Example
Structural Design and Member Sections for Japan®. A lumped-plasticity frame model of this building
is created using software RESP-D”. The plan and elevation drawings for this building are shown in Fig.
3. This building is a pure moment frame structure, and the structural design was carried out using
allowable stress design principles. In addition, since the fracture of reinforcing bars is not assumed in
this building model.

The building is analyzed in the X-direction using four seismic input waves of El Centro NS, Hachinohe
EW, Hachinohe NS, and Taft EW. The ground motions are scaled such that the magnitude at which the
peak ground velocity is 25 m/s is defined as the base case (this is consistent with what is often used as
the Design Level 1 earthquake in Japan and is the demand level used to check against the damage
avoidance limit state for structures, defined as a limiting inter-story drift of 0.5%). The building is
analyzed for both 1.0 times and 2.0 times (the latter consistent with Design Level 2 earthquake in Japan,
and is the demand level used to check that individual members have sufficient plastic rotation capacity)
the input motion. Fig. 4 shows the acceleration response spectra Sa (5% damping) of the Design Level
1 demand (input motion spectra scaled by 1.0) and Design Level 2 demand (input motion spectra scaled
by 2.0).
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Fig. 3. Plan and elevation drawings of the study RC building.
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Fig. 4. Response acceleration spectra (5% damping).

3.2 Earthquake response analysis results

The analysis results show that the response of beams Y1@X3~4, shown in red in Fig. 3, was the largest
on each floor. Table 2 shows the reinforcement characteristics of Y1@X3~4 beam. The analysis will
focus on this beam location in the following sections.

For the floor with the largest response to each seismic wave, the moment-rotation (M — 6) history of the
response for each seismic wave, is shown in Fig. 5. Fig. 5 shows that the beam reaches the cracking
moment for all seismic waves scaled to 1.0, and all but the Hachinohe NS waves scaled to 2.0 times
resulted in beams yielding. The maximum rotation angle of the beam was 0.012 rad.

Table 2. Beam specifications of analysis model.

Floor Dimension Main reinforcement Stirrups Side bar
RF 400x850 6-D25 2-D13@200 2-D13
9~10F 500x900 10-D29 4-D13@200 4-D13
7~8F 550%950 12-D29 4-S13@200 4-D13
5~6F 550x950 12-D32 4-S13@150 4-D13
2~4F 550x1000 14-D32 4-S13@150 4-D13
1F 500x1000 10-D25 3-D13@200 4-D13
| — x1.0 — x2.0]|
2000 ;M [kN.m] 2000 (M [kN.m] 2000 (M [kN.m] 2000 (M [kN.m]
1000 1000 1000 1000
0 0 0 0
-1000 -1000 -1000 -1000
4 [rad] 4 [rad] 4 [rad] @ [rad]
-2000 -2000 -2000 -
-0.012 0 0.012 -0.012 0 0.012 -0.012 0 0.012 -0.012 0 0.012
(a) El Centro NS (b) Hachinohe EW (c) Hachinohe NS (d) Taft EW

Fig. 5. Moment M - rotation angle 6 relationship.

The strain time history of the beam's longitudinal bars is then derived from the time history of the beam's

hinge rotation. The following assumptions were used in the derivation:

1) The hinge length L of the beam at flexural yield is half of the beam depth D and that all rotation is
concentrated over this hinge length (mean strain assumption). The curvature ¢ in the hinge of the
large beam is obtained as in equation (13) below.

2) Assuming that the plane-section assumption holds, the longitudinal strain ¢ in a given bar is obtained
as the distance from the neutral axis to the bar multiplied by the curvature ¢, as in equation (14)®.



@ =6/L,=260/D (13)

_ ¢ - (d — x,,)(Tension)
Favg = {<p - (x, —d") (Compression) (14)

The relationship of eavg With respect to ¢ obtained in this derivation can be described via a single value,
hereinafter referred to as the “average strain assumption multiplier”, sayg - 6. Table 3 shows the gayg - 6
multiplier for the Y1@X3~X4 beam at each floor. Note that because the beams are T-shaped, and
different values are given depending on whether the beam is in tension at the top or bottom, there are a
total of four possible eay - @ multipliers.

By multiplying the beam rotation time history by the eay — @ multiplier, the strain time history of the
beam's longitudinal bars can be obtained. Fig. 6 shows the strain history of the longitudinal bars for the
floor with the highest beam rotation for each seismic wave. Note that the values in Fig. 6 are for the
bottom rebar. Only the maxima or minima of the plastic deformation portions (avq > 0.2%) are plotted.
Fig. 6 shows that tensile deformation dominates the strain in the longitudinal bars. This is because during
compression of the section, the concrete bears most of the compressive stress in the member. The
maximum value of the strain ¢ of the rebar is 1.7%, indicating that strain ¢ exceeding 1% occurs only
during the first few cycles.

Table 3. Average strain assumption eayg — 6 of each Floor.

Eloor Lower end tension Upper end tension
Lower end Upper end Lower end Upper end
RF 1.54 0.18 0.41 131
9~10F 142 0.21 0.45 1.18
7~8F 141 0.18 0.41 1.18
5~6F 1.45 0.15 0.37 1.22
2~4F 1.49 0.20 0.44 1.25
1F 1.56 0.11 0.35 1.32
— x1.0 — x2.0]|
2 e [%] 2 e [%]
1.5 1.5
1 1
0.5 0.5
0 Cycle 0 Cycle
-0.5 16 -0.5 25
(a) El Centro NS (b) Hachinohe EW
2 e [%] 2 e [%]
1.5 1.5
1 1
0.5 0.5
0 Cycle 0 Cycle
-0.5 19 -0.5 33
(c) Hachinohe NS (d) Taft EW

Fig. 6. Main reinforcement strain ¢ time history of beam when assuming average strain.

3.3 Experimental investigation: beam member loading test overview?

Three RC beam specimens (G2, G4 and G5) were fabricated using identical reinforcement layout as part
of a previous study®. The specimen drawings and instrumentation are shown in Fig. 7. As shown in Fig.
7, 18 displacement transducers (E1~E9, W1~W09) were installed along the beam edges to measure the
member local vertical deformations. Since the beam width is 280 mm, the hinge length is assumed to be
140 mm, and the beam rotation angle is calculated from the measurement results of four of the
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displacement transducers in the hinge (E1, E2, W1, and W2). The strain in the longitudinal bars (Grade
SD345, 13 mm diameter) was measured by strain gauges attached at three cross-sections shown as the
red circles in Fig. 7. The eyn for the longitudinal reinforcement is 1.84% based on the material test
results.

The loading cycles of the specimen are shown in Fig. 8. The G2 and G4 specimens were subjected to
two cycles at each deformation angle, and the G5 specimen was pushed through to failure after 20 cycles
of force, as shown in Fig. 8.
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Fig. 7. Beam specimen drawings.
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Fig. 8. Beam test loading cycle history.

3.4 Beam member loading test results and comparison to analytical

Fig. 9 shows the maximum value emax Of the measured longitudinal bar strain for the beam rotation angle
6 obtained from the experimental results. Note that the rebar yielding in compression is excluded. The
black line in Fig. 9 indicates eavg-0 relationship if calculated based on the average strain assumption and
using the specifications of the beam specimen shown in Table 4. Fig. 9 shows that unlike the strain
determined from analytical results in the previous sections (1.7% at 0.012 rad rotation), the experimental
reinforcement strain is considerably higher at 2.3% (shown as the horizontal dotted line). As shown in
Fig. 9, the main bar strain increases rapidly after a certain point and is not linear as assumed using the
average strain assumption. Thus, the average strain assumption is not valid for initial loading - this is
likely due to the occurrence of high local strains at locations of concrete cracks. Since strain ageing is a
local effect, the expected local strains measured at crack locations should be considered explicitly, as
opposed to smearing strain over a pre-defined hinge area. Therefore, to better represent the expected
reinforcement strains, eexp, in the ‘small rotation’ region, a regression line is fitted to the data in Fig. 9,
using Eq. (15) below.



1.9
€exp = 1 + o(-14000+4)

but no lower than &,,, (average strain assumption) (15)
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Fig. 9. emax for beam rotation angle 6 obtained from results of beam loading test.

Table 4. Specifications and average strain assumption ¢ — 8 of beam specimen.

Dimension . Main Stirrups Side bar Averag_e strain assumption & B 0
reinforcement Tension Compression
200X 280 6-D13(SD345) 2-D6(SD295) - 1.24 0.36

4 Response of structure after strain ageing

Using Eqg. (15) and Fig. 9, the analytical building model described in section 3.1 is adjusted to account
for the reinforcement yield strength increases due to strain ageing. Fig. 10 shows typical beam main
reinforcement strain before and after correction. In addition, in Fig. 10, the strain eyn at the start of strain
hardening is shown by a dotted line. From Eq. (6) and (9), it is calculated that the yield strength of
reinforcing bars exceeding a strain of evy would increase by 15% and that of other reinforcing bars by
4%. Based on these material property changes, the moment-rotation characteristics of the lumped
plasticity spring models of the beams in the structure were adjusted. Fig. 10 shows typical beam main
reinforcement strain before and after correction. Fig. 11 shows the typical lumped plastic hinge
backbone model before and after adjustment. It is noted that ultimate hinge deformation capacity would
reduce as a result of strain ageing effects; however, this effect is not accounted for in the present model
as the expected deformation demands are far from approaching the ultimate deformation capacity.

— Y1l@X1~X2,iend — Y1@X2~X3,1iend — Y1@X3~X4,1iend
= Y1@X1~X2,jend ---Y1@X2~X3,jend ---Y1@X3~X4, j end

PHR Story “evH PHR Story *EYH
RF RF '
10F 10F

R [rad] ég

0 1 2 3 0 1 2 3
(a) Before correction (b) After correction

Fig. 10. emax for beam rotation angle 6 obtained from results of beam loading test.
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Fig. 11. Schematic diagram of restoration properties of beam.

Fig. 12 shows a comparison of the static pushover analysis results before and after the effects of
reinforcement strain ageing, and Fig. 13 shows a comparison of the maximum story drift angle R from
the time history analysis using ground motions from Fig. 4. Note that limit state 1 and limit state 2 in
Fig. 12 indicate when the retained horizontal strength is reached and when shear failure occurs,
respectively. From Fig. 12 and 13, it can be seen that there is little difference in the response results
before and after the increase in reinforcement yield strength due to strain ageing. The reason for this is
thought to be that the created building model has high stiffhess and hinge deformations are only slightly
above yielding. Thus, for buildings with minimal yielding after an earthquake, changes in characteristics
due to strain ageing have little effect on seismic response in future earthquakes. In the future, buildings
with low stiffness (common in countries like NZ and US, that rely heavily on ductility), will also be
investigated to analyze the effects of strain ageing on change in global response characteristics as well
as local member failure hierarchies.

510 [x10"kN]

44 BF s — Before strain ageing
—2 o Limit state 1 (before strain ageing)
9 ® Limit state 2 (before strain ageing)
--- After strain ageing

Limit state 1 (after strain ageing)
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R [rad]
0 0.01 0.02

Fig. 12. Comparison of static incremental analysis.
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Fig. 13. Comparison of maximum interlayer deformation angle R during seismic response analysis.

5 Summary

In this study, the effects of strain ageing on the future performance of RC buildings damaged by
earthquakes are investigated. Firstly, a predictive model is introduced based on previous experimental
studies to quantify the change in reinforcement properties as a result of strain ageing. This model is then
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utilized to alter the plastic hinge characteristics of an RC building model. The study results are
summarized below.

1) From seismic response analysis of a representative Japanese RC building, the maximum beam rotation
6 was found to be in the order of 0.012 rad for a Design Level 2 earthquake demand. Using an average
strain assumption, the maximum strain of the reinforcing bars under this condition ¢ was determined
to be 1.7%.

2) From RC beam member experiments, the maximum strain on the reinforcing bars ¢ was found to be
in the order of 2.3% at beam hinge rotation angles below 0.012 rad. This indicates that the average
strain assumption is not reliable due to the presence of localized concrete cracks.

3) A simple relationship for expected strains in the members of the analytical model was used to
determine the degree of strain ageing in the reinforcing steel following an earthquake. The response
of the building model adjusted for the effects of strain ageing showed no major differences in future
earthquake response. The reason for this is thought to be the inherently high stiffness of Japanese RC
buildings resulting in limited yielding. Further studies are to be conducted on more flexible buildings
typical in other countries.
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