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Abstract
Understanding the effects of repair on reinforced concrete (RC) structures is crit-
ical to evaluating their performance in future earthquakes. In this research, a
system-level approach is taken by repairing a previously damaged ¼ scale 4-
storey RC structure and subjecting it to a series of dynamic excitations via shake
table testing. The repair was undertaken using common construction materials
with the primarymotivation of restoring original performance. The performance
of the repaired structure was compared to that of the original structure prior to
repairs. It was found that overall initial stiffness of the structure was recovered
to 66% of the original initial stiffness and was generally higher in floors where
more intensive repair works were undertaken. Damping capacity was quantified
via equivalent viscous damping ratio using three different methods. Regardless
of the calculation method, the damping capacity recovery was around 80% for
low-moderate drifts and 100% for high drifts. While collapse was not induced in
the structure, drift ratio demands of over 5% could be achieved both before and
after repairs, suggesting a full practical recovery of deformation capacity. Struc-
tural strength of the repaired structure was found to be 17% higher than that of
the original structure.

KEYWORDS
epoxy injection, equivalent viscous damping, performance recovery, reinforced concrete,
repair, shake-table, strain aging

1 INTRODUCTION

Reinforced concrete (RC) structures damaged in earthquakes will typically be subjected to one of two decisions: structural
repair or demolition (followed by rebuilding if necessary).While the latter will ensure a damage-free structure, this is often
not the most economical decision, nor is it reflective of the disaster resilience and infrastructure sustainability goals tar-
geted within United Nation’s 17 Sustainability Development Goals.1 Despite this, RC buildings have seen high demolition
rates in previous earthquakes, even in cases where relatively low levels of damage were sustained.2 While social factors
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original work is properly cited.
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2 SHEGAY et al.

NOVELTY

∙ Global performance recovery of a 4-storey reinforced concrete structure repaired using traditional techniques
investigated via shake table testing.

∙ Less visual damage observed following repair due to repair materials being less stiff than the original materials.
∙ Natural period measurements following each repair stage showed that epoxy injection of beams and slabs
resulted in the highest recovery of initial structural stiffness.

∙ Initial stiffness recovery of 66% was achieved using extensive epoxy injection.
∙ Full recovery of deformation capacity and damping capacity achieved.
∙ Reinforcement strain aging was shown to cause an increase in strength of 17% after repair of the original
structure.

and insurance are almost always at play, limited available guidance on suitable structural repair techniques and an overall
lack of confidence in the future performance of the repaired structure are key contributing factors to the high demolition
rates.
Seismic performance recovery achieved through repair for any specific performance characteristics can be expressed

by a performance recovery factor, 𝜆. As shown in Equation (1), 𝜆 can be defined as a quotient of some performance
characteristic of a repaired structure, rQ, to the same performance characteristic in an undamaged structure, uQ.

𝜆 =
𝑟𝑄

𝑢𝑄
(1)

Subscripts can be suffixed to the terms in Equation (1) to identify the performance characteristic. In this study, sub-
scripts of “K,” “d,” “dc” and “s” will be used to represent “stiffness,” “damping capacity,” “deformation capacity” and
“strength,” respectively. One existing document providing guidance on the expected structural performance recovery fac-
tors of repairedmembers is the Federal EmergencyManagement Agency’s “Evaluation of Earthquake Damaged Concrete
and Masonry Wall Buildings” manual (hereinafter “FEMA 306”).3 In FEMA 306 the performance recovery factors for
strength, effective yield stiffness and deformation capacity are provided for several RC and masonry components that
are repaired in accordance with available guidelines.4 These recovery factors are intended to be used to adjust simplified
member backbone models defined in the “NEHRP Guidelines for the Seismic Rehabilitation of Buildings”5 (superseded
by “ASCE Seismic Evaluation and Retrofit of Existing Buildings”6) when performing numerical analysis of repaired struc-
tures. As FEMA 306 specifically targets response of wall buildings, performance recovery factors for moment frame
members (beams and columns) are not included. A lesser-known guideline for performance recovery factors of repaired
RC structures is the Japan Building Disaster Prevention Association’s “Guidelines for Damage Classification Criteria and
Restoration Techniques of Damaged Buildings” (hereinafter “JBDPAGuidelines”).7 In this document, performance recov-
ery factors for several repaired member types (beams, columns, and walls) are provided corresponding to various levels
of damage severity and several repair strategies (crack epoxy injection, concrete replacement, or strengthening). These
performance recovery factors are given as a range; however, unlike FEMA 306 there is no distinction between which
structural performance characteristic (i.e., strength, stiffness, deformation capacity)will recover towhat degree. The ambi-
guity makes these factors difficult to implement with confidence in analysis of repaired structures. A summary of the
performance recovery factors listed in the JBDPA Guidelines is provided in Appendix A.
In addition to the above guidelines, member-level repair studies have been conducted on RC beams,8–11 columns,12

beam-column joints,13 and walls.14–16 Though there are differences in the level of initial damage and the extent of repair
implemented among these studies, it can be generalized that strength is recovered to at least 100% (with one exception16);
energy dissipation (calculated fromhysteretic loop area) is recovered to 95%–100%; secant stiffness to yield by 40%–75% and
deformation capacity to 100% (exception of16). As these studies cover a broad range of parameters, it is not immediately
clear how these levels of recovery will manifest in the overall system-level performance of repaired RC structures. With
exception of,17 which will be referred to in subsequent discussions, research on system-level performance recovery of
repaired structures is highly limited. In this paper, the effectiveness of repair on the system-level structural performance
recovery is investigated by shake-table testing of a previously damaged¼-scale 4-storeyRC structure that exhibited flexural
damage characteristics (flexural cracks, spalling of concrete, buckling of reinforcement).18 As performance is thought to
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SHEGAY et al. 3

F IGURE 1 Dimensions of Original structure (units: mm)

TABLE 1 Details of member sections comprising the test structure (units: mm)

Member Column Wall Beam
Name C1 CW1 CW2 G1 G2 G3 Slab
Section

Size (mm) 130 × 130 80 × 700 70 × 400 100 × 140 100 × 150 120 × 90 70 (thick)
Main bar 6-D10 24-D10 8-D13 + 6-D6 6-D6 8-D6 4-D6 D4@80 (X-dir.)

D4@60
(Y-dir.)

Hoop/stirrup D4@60 D4@60 D4@100 (cross-ties
D4@50)

D4@60 D4@60 D6@30

depend on the level of initial damage, the research presented herein takes a “limiting-case” approach by considering the
effect of repairs on a severely damaged structure. Repair is defined in this paper as work that targets restoration of original
performance and is distinct from “strengthening,” which targets an enhancement of performance relative to the original
structure.

2 RESEARCH OBJECTIVE

The objective of this paper is to investigate the degree of system-level performance recovery achieved in RC structures
exhibiting flexural damage characteristics, by use of relatively basic structural repair techniques and common repair
materials. The structural performance characteristics considered are structural stiffness, damping capacity, deformation
capacity, and strength.

3 ORIGINAL STRUCTURE EXPERIMENTAL PROGRAMOVERVIEW

In this study, a ¼-scale 4-storey RC frame-wall structure tested in a previous study (hereinafter referred to as the “Orig-
inal” structure)18 was repaired and re-tested on a shake-table (hereinafter referred to as the “Repaired” structure). The
details of the Original test structure and its seismic performance are revisited briefly in this section (details can be
found in a previous publication18). The test structure’s overall dimensions are shown in Figure 1 and details of the
member cross-sections of the structure (denoted CW1/CW2 for walls, C1 for columns, and G1/G2/G3 for beams) are
shown in Table 1. The Original structure was designed as a new office building located in Tokyo on Type 2 soil,19
using current Japanese seismic design20 and RC standards.21 The design methodology followed principles to achieve a
weak-beam strong-column inelastic mechanism – a common approach in modern seismic design of buildings around
the world (e.g.,22–24). Thus, flexural hinges were designed to develop in the beam ends, and base of columns and
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4 SHEGAY et al.
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F IGURE 2 Artificial acceleration time history records used in the X- and Y-directions of the test structure
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F IGURE 3 Acceleration design spectrum per19 plotted with the acceleration response spectrum of the artificial records used in the
experiments

walls. All longitudinal and transverse reinforcement used in the structure was of deformed type. It is noted that due to
reinforcement diameter scaling constraints, the transverse reinforcement spacing in the columns (60 mm) exceeded that
required by the code (accounting for scale, 50 mm). As part of the objectives of the original study, the structure was
designed such that the in-plane walls would carry ∼60% and ∼30% of the total base shear in the X- and Y-directions,
respectively.

3.1 Ground motion characteristics

In both the Original and Repaired structure experiments, the same artificial ground motion pair shown in Figure 2 was
used. The time of the ground motion was scaled by half to account for the ¼ scale of the structure. The phase of the
ground motion pair was the 1995 Kobe earthquake recorded in the North-South (used in the test structure X-direction
shaking) and East-West (used in the test structure Y-direction shaking) directions at the “JMA Kobe” site. The ground
motion pair was modified to match the Level 2 “extremely rare” earthquake design spectrum for Type 2 soils in Tokyo,
based on specifications in the Japanese Building Standard Law (JBSL).19 As can be seen in Figure 3, a close match was
achieved between the ground motion acceleration response spectra and the design acceleration spectrum. The loading
sequence in both experimental programs, shown in Table 5, consisted of uniformly scaling the earthquake acceleration
demand over a series of nine excitations (hereinafter referred to as “Runs”). The first mode period of the Original structure
prior to testing was determined via white noise tests to be uT1,X = 0.13 s and uT1,Y = 0.17 s in the X- and Y-directions,
respectively.
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SHEGAY et al. 5

F IGURE 4 Key instrumentation used in the Repaired structure (nominally identical in the Original structure)

3.2 Instrumentation

A layout of the main instrumentation used in the Repaired structure (nominally identical to that used in the Original
structure) is shown in Figure 4. Laser transducers were placed on each story to measure the inter-story displacements.
The first-floor laser displacement measurements were taken from an external reference point on the shake-table. Dis-
placement transducers were placed at the hinge locations of selected beams, columns, and walls to measure plastic hinge
rotations. Tri-axial load cells (calibrated uni-axially) were placed under each foundation. Accelerometers were placed on
each floor at each corner of the structure (immediately beside columns). Accelerometerswere also placed at the foundation
level to measure the real input acceleration demands. During construction, strain gauges were attached to longitudinal
reinforcement in the plastic hinges of several selected members.

3.3 Results of testing of the Original structure

In this section, a brief explanation of the loading sequence and damage progression of the Original structure is provided.
For details, the reader is referred to.18 Examples of final damage observed at the end of the testing (and after correction
of residual drift) is shown in Figure 6. Cracking throughout the structure was observed following Run 1. Longitudinal
reinforcement in the CW1 walls was determined to yield at Run 3, followed by yielding in all measured beam and column
hinges by the end of Run 4. During Run 5, extensive spalling of end region cover concrete was observed in the CW1 walls,
while the CW2 wall experienced a diagonal shear failure in the first two floors. With subsequent runs, inter-story drift
gradually increased, as did the extent of spalling in all member types. During Run 9, the CW1 walls experienced flexural
failure, characterized by crushing of the core concrete in the end regions and buckling of the first two rows of longitudi-
nal reinforcement, as shown in Figure 6D. Damage of the X3-gridline columns (subjected to high compression stresses
during the main pulse of the excitation) was characterized by spalling of the concrete in the plastic hinge region as shown
in Figure 6C. Slight curvature was observed in the longitudinal reinforcement of the X3-Y1 column, suggesting incipi-
ent buckling. The X1-gridline columns had slight spalling near the foundation interface; however, no reinforcement was
exposed (Figure 6B). All beams experienced rotations in the range of 0.02–0.05 radians asmeasured by displacement trans-
ducers in the plastic hinge zones. Several beam hinges forming into the wall experienced concrete spalling (Figure 8B).
At the conclusion of the experiment, maximum residual inter-story drift ratios of 2.10% and 1.33% were recorded in the X-
and Y-directions, respectively.

4 REPAIR OF THE ORIGINAL STRUCTURE

The repair objective in the X-direction was to reinstate the original seismic performance using commonly available mate-
rials and relatively straightforward repair methodologies. In the Y-direction, in addition to the basic repairs used in the
X-direction, strengthening of the structure was also performed using proprietary methods as part of a separate study.25
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6 SHEGAY et al.

TABLE 2 Description of repair works, and materials used for each repair class

Repair
Class [Damage level]a damage Repair technique Material
1 [I]: Visible cracks but no spalling of

concrete
∙ Epoxy injection of cracks >0.05 mm in widthb Dyflex EverBond EP-400 epoxy

resin
2a [II–III]: Spalling of cover concrete

not revealing reinforcement
∙ Repair Class 1
∙ Patching with polymer cement

Refremol Set polymer cement

2b [III–IV]: Spalling of cover concrete
revealing reinforcement

∙ Repair Class 1
∙ Patching with epoxy mortar

Sikadur-41 epoxy mortar

3 [V]: Severe buckling of longitudinal
reinforcement, core concrete
crushing

∙ Repair Class 1
∙ Removal of damaged concrete
∙ Cutting of buckled bars
∙ Splice welding of new bars
∙ Recasting removed concrete

50 MPa concrete
SD345 reinforcement

4 [V]: Shear failure of concrete wall ∙ Removal of wall and welding anchor plate to
cut bars

∙ Fixing of perimeter steel frame to concrete
face via epoxy resin

∙ Installation of cast-iron block wall

Cast-iron block wall
Sikadur 30 epoxy resin

aDamage level is as defined in the JBDPA Guidelines7.
bBased on in-situ (i.e., unscaled) crack width measurement.

The scope of this paper is to investigate the effect of basic repair techniques; thus, further discussions on repair and per-
formance recovery is focusedmainly on the X-direction of the Repaired structure. For completion, some brief explanation
of the Y-direction repair work is also provided in this section.

4.1 Repair policy

Prior to undertaking the repair work, the structure’s residual deformation was corrected in both directions. This was
achieved by statically applying external lateral forces to the 2nd and 4th stories of the structure until the residual inter-
story drift reduced to below 0.2% (based on an average of five measurement locations per floor) once the external loads
were released. It is acknowledged that correction of residual deformation is generally impractical in real-life application;
however, to meet the study’s objective of evaluating the effects of basic repair techniques, a fair comparison to the Original
structure was given priority. Therefore, it was decided to reduce other major influencing factors (i.e., p-delta effects) that
would hinder this comparison. Following correction of residual deformation, the structure was moved off the shake-table
test to conduct the repairs (full vertical and foundation lateral bracing was provided to the structure to prevent further
damage during relocation). The repair work in the X-direction did not include any changes in cross-section dimensions,
steel reinforcement ratios, or any repair techniques that could otherwise be considered to enhance performance relative
to the Original structure. The repair works undertaken were divided into five classes, and the class adopted for each
structural member was decided based on the member damage level. Damage level definitions were adopted from the
JBDPA Guidelines,7,26 and are summarized in Appendix B. The repair class definitions and the corresponding repair
materials used are described in Table 2. The repairmethodologywithin each class was based on a combination of guidance
provided in the JBDPA Guidelines,7 the Japan Building Conservation Center’s Building Repair Works Guidelines,27 and
discussions of “best-practice” with the contractor employed to carry out the repair. The repair class assigned to each
member throughout the structure is shown in Figure 5.
Typical before and after photos for each repair class are shown in Figure 6. For Repair Class 1, all cracks exceeding

an in-situ width measurement of 0.05 mm found in beams, columns and walls were epoxy injected by a hand-operated
applicator gun. The 0.05 mmwidth limit was targeted to account for the structure’s reduced scale, given the typical injec-
tion limit capability in practice is around 0.2 mm. This lower limit was advised possible by the contractor based on the
low viscosity properties of the chosen epoxy resin. For cracks in the floor slabs, it was deemed impractical and unrealistic
to inject all the cracks due to the large surface area; instead, only the cracks in the slab that propagated to the beams,
columns, or walls were injected (i.e., cracks originating and terminating internally in the slab were not injected). Slab
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SHEGAY et al. 7

(A) X1, X3 and X2 gridlines (B) Y1 and Y2 gridlines

F IGURE 5 Repair classification of each member of the structure

F IGURE 6 Typical examples for each repair class listed in Table 2
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8 SHEGAY et al.

TABLE 3 Tested characteristics of the original construction and repair materials (concrete, mortar and epoxy resin)

Test date

Ultimate
compressive stress,
MPa

Microstrain at peak
stress

Young’s modulus,
MPa

Original
30 MPa concrete Dec 2019 53.1 2700 2.97 × 104

Repair
30 MPa concrete Dec 2020 51.1 3160 2.67 × 104

Epoxy mortar Dec 2020 53.9 39000 0.55 × 104

Polymer cement
mortara

- 59.9 - -

Viscosity MPa/s Tensile strength, MPa
Epoxy resina 130 47.9

aSpecified properties listed as no material test was conducted.

cracks that did not meet these criteria were deemed to not be from flexural damage, but the result of stresses developing
from the anchoring of the additional floor masses. For Repair Class 2a, polymer cement mortar was used where spalling
was not severe enough to expose any reinforcement. In areas of spalling where longitudinal reinforcement was exposed
(Figure 6C), epoxy mortar was used for patching (Repair Class 2b) because better adhesion could be achieved to the origi-
nal material compared to using polymer cement. This approach is also in accordance with guidance in.27 For Repair Class
3, concrete was removed such that buckled longitudinal reinforcement could be extracted and replacement reinforcement
could be lap-splice welded outside the plastic hinge zone (assumed as half the wall length). The length of the weld was ten
times the bar diameter on both sides of the splice as recommended in.7 Welds in the first and second row of reinforcement
were staggered by half the weld length as shown in Figure 6D. The bottom of the reinforcement was anchored into the
foundation by welding a steel plate to the bottom end of the bar. The repaired area was recast using a concrete mix with
similar strength characteristics to the original material. Repair Class 4 was only applied to the area where the CW2 wall
had undergone a shear failure in the Y-direction, as shown in Figure 6E. The damaged CW2wall was completely removed
from the 1st and 2nd floors, and a proprietary cast-iron block wall28 was installed in its place (Figure 6E). The cast-iron
blocks (122 × 122 × 40(depth) × 8(thick) mm hollow square sections) were stacked diagonally and adhered to each other
with epoxy resin. The cast-iron blocks were installed within a perimeter steel frame, which required a continuous con-
crete support along the base. The bottom support was provided by replacing the original foundation underneath the CW2
with a transfer beam spanning between the foundations of the CW1 walls. The perimeter steel frame was fixed to the
surrounding concrete by a 6 mm layer of epoxy resin. Given the weak tensile adhesion of the base of the cast-iron block
wall to the transfer beam below it (2.5 MPa over an 80 mm width), the wall was not expected to have significant strength
in its out-of-plane response and therefore a negligible contribution to the X-direction response. Under this assumption
(confirmed in a later section), the Repair structure X-direction response could be studied in isolation of the strengthening
effects of the Y-direction. It is also noted that the net increase in story mass from the installation of the cast-iron block
wall was around 1% compared to the Original structure, which was considered to be negligible. The performance of the
structure in the Y-direction is outside the scope of this paper, instead, the reader is referred to another publication.25

4.2 Material properties

Original construction and repair material characteristics are in summarized in Tables 3 and 4 for cementitious/epoxy
and steel materials, respectively. Repair materials were selected to achieve a close match of physical characteristics to the
original materials, unless guided otherwise by the contractor (in order to represent common industry practice in Japan).
For example, epoxy mortar has a Young’s modulus that is 19% of the original concrete; however, it is preferred for large
concrete patching repairs due to its ease of application and superior adhesion properties. Polymer cementmortar (specified
28-day compressive strength of 59.9 MPa) was not tested as only small quantities were used for superficial Class 2a repairs.
The strengths of the tested repair materials all matched well with the original constructionmaterials (though the strength
of the original concrete may have been higher than the properties listed in Table 3 due to time curing effects).
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SHEGAY et al. 9

TABLE 4 Tested characteristics of the original construction and repair reinforcement materials

Diameter Test date Grade
Yield stress,
MPa

Ultimate
elongation, %

Ultimate
stress, MPa

Young’s
modulus, MPa

Original
D4 Dec 2019 SD295A 402 - 533 1.90 × 105

D6 Dec 2019 SD345 419 24.1 613 1.97 × 105

D10 Dec 2019 SD345 339 27.9 562 1.93 × 105

D13 Dec 2019 SD390 407 19.2 602 1.95 × 105

Repair
D4 Dec 2020 SD295A 384 16.1 528 -a

D10 Dec 2020 SD345 350 23.7 558 1.95 × 105

aUnreliable measurement.

5 EFFECTS OF EACH STAGE OF REPAIR ON STRUCTURAL STIFFNESS

The natural vibration period of the structure was measured at several stages throughout the repair process to understand
the level of stiffness recovery that was achieved after each repair stage. Ambient vibrations of the structure weremeasured
using high-sensitivity accelerometers placed at the X1-Y2 and X3-Y1 corners of the structure, both at the foundation and
roof levels (four locations total). The first natural period was estimated by the first peak observed in the transfer function
of the roof to foundation acceleration response. As well as an initial natural period measurement taken of the Original
undamaged structure (stage “0”), measurements were taken at the following five stages of repair: (1) after relocation of
the damaged Original structure to the repair site (structure foundation not fixed) and prior to beginning of repairs; (2)
after repair of the CW1 walls and removal of the CW2 walls; (3) after mortar/cement patching and epoxy crack injection
of the columns and walls; (4) after mortar/cement patching and epoxy crack injection of beams and slabs; and (5) after
re-fixing of the structure to the shake-table. It is noted that the natural period measurement at stage “0” was done with
additional weight added to the structure (not present during the repair stages); thus, adjustment of the measured natural
period, 𝑢𝑇1,𝑋 , was made using Equation (2) to enable direct comparison to the five repair stages. Use of this equation is
appropriate assuming the vibration mode shape of the structure does not change during the repair and the ratio of first
mode effective mass is equal to the total mass.

𝑇0 =
√
𝑚∕ (𝑚 +𝑀) ×𝑢𝑇1,𝑋 (2)

where𝑚 is the self-weight of the structure,𝑀 is the additional weight added to satisfy structural similitude, and 𝑇0 is the
first natural period of the Original structure without the additional weight.
By assuming the structure to be a single degree of freedom system, the change in natural period following the 𝑖th repair

stage, 𝑇𝑖 , relative to that of the Original undamaged structure, 𝑇0, can be directly related to a corresponding change in
structural stiffness (i.e., stiffness recovery factor). using the following equation:

𝐾𝑖

𝐾0
=

(
𝑇0
𝑇𝑖

)2

(3)

where 𝐾0 is the stiffness of the Original undamaged structure and 𝐾𝑖 is the stiffness of the Repaired structure following
the 𝑖th repair stage. The results of Equation (3) for each repair stage are plotted in Figure 7. From Figure 7 it can be
observed that repairs to the wall (stage 2) and columns (stage 3) resulted in incremental increases in structural stiffness
of 32% and 17% (relative to stage 1), respectively. Repair of the beams and slabs, (stage 4; corresponding to the largest
volume of crack epoxy injection), resulted in the largest increase of stiffness relative to stage 1 of 151%. After re-attaching
the structure to the shake-table (stage 5), the final Repaired structure’s natural period was measured to have recovered to
87% of the Original structure’s natural period (i.e., relative to stage 0), suggesting an overall stiffness recovery of 75%. This
is considerably higher than the 70% recovery of natural period (50% stiffness recovery) achieved in a full-scale, 7-storey,
repaired structure in a previous study.17 It is thought that the comprehensive epoxy injection repair policy adopted in the

 10969845, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.3818 by T

okyo Institute O
f T

echnology, W
iley O

nline L
ibrary on [16/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 SHEGAY et al.

F IGURE 7 Estimated stiffness recovery factor from natural period measurements at each repair stage

present study (compared to17 where only “major cracks” were injected) is themain reason for the higher stiffness recovery
achieved.

6 RESPONSE OF REPAIRED STRUCTURE

6.1 Repaired structure loading protocol

The Repaired structure was subjected to a total of ten excitations (“Runs”). The magnitude of the input-ground-motion
used for each Run is listed in Table 5. The groundmotion magnitude decision policy in the Repaired test was to reproduce
the maximum roof drift ratio measured in each Run of the Original structure, to enable convenient performance compar-
ison. An exception was Run 6, where the objective was to reproduce the roof drift of Run 5. The instrumentation plan for
the Repaired structure, shown in Figure 4, was nominally identical to that of the Original structure.

6.2 Damage description

The peak inter-story drift ratio, Δ𝑚𝑎𝑥, peak base shear, 𝑉𝑚𝑎𝑥 and salient damage characteristics following each Run are
summarized in Table 5. A photo comparison of the most severely damaged members for the Original structure (after
correction of residual drift and prior to initiating repair) and Repaired structure is shown in Figure 8. Base shear of the
structure was determined from the sum of the accelerations of each story multiplied by respective floor masses, while
inter-story drift ratios were calculated from laser measurements at each floor.
Damage observed up to Run 4 was generally consistent between the Original and Repaired structures. A reduced struc-

tural stiffness resulted in slightly lower strengths observed in the Repaired structure for each run until Run 4 compared
to the Original structure. At Run 4, the Repaired structure’s strength exceeded that of the Original structure. Follow-
ing this run a crack running along the full base length of the cast-iron wall was identified, signifying that the cast-iron
wall became essentially pinned at the base. No structural strength reduction was observed as a result of the crack forma-
tion, confirming the assumption that the out-of-plane strength of the cast-iron wall was insignificant to the X-direction
response. Spalling in epoxy mortar repaired plastic hinges was minimal, and generally occurred at later drifts for the
Repaired structure compared to the Original structure. Examples of the reduced level of spalling in the Repaired struc-
ture compared to the Original structure can be seen in Figure 8A–C for columns and beams. Limited spalling that did
occur in the repaired hinges tended to concentrate in the original material directly adjacent to the repaired zone as can
be seen in Figure 8A and B. Similar spalling performance has been observed in epoxy mortar repaired members in pre-
vious research.17 It is thought that the lower stiffness of the epoxy mortar (∼19% that of the original concrete; Table 3) in
combination with its high strength allowed large compression strains to be induced in the repaired regions without exten-
sive spalling. On the other hand, repaired zones where standard concrete was utilized (i.e., CW1 walls), spalling damage
was similar for both the Original and Repaired structures (Figure 8D). Spalling in the CW1 walls did not extend beyond
the assumed plastic hinge length, suggesting that the welded splice longitudinal reinforcement repair technique was
effective.
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SHEGAY et al. 11

TABLE 5 Input excitation sequence and damage characteristics of the Original and Repaired structures in the X-direction

Original Repaired

Run Magnitude
𝚫𝒎𝒂𝒙, %

[story]
Vmax,
kN Magnitude

𝚫𝒎𝒂𝒙, %

[story]
𝑽𝒎𝒂𝒙,
kN Salient damage characteristics

1 20% 0.07 [2] 51.2 20% 0.10 [2] 50.6 Initial cracking of structural members.
2 80% 0.31 [2] 167.0 80% 0.50 [3] 169.8 Increased cracking in members.
3 160% 0.65 [2] 292.4 120% 0.74 [3] 251.4 Wall edge longitudinal reinforcement

yielding at base
3-2 - - - 180% 0.99 [4] 360.0 Beam longitudinal reinforcement yields

in all stories.
Wall centerline longitudinal
reinforcement yields.

Yielding of column longitudinal
reinforcement at base and at the 4th

story.
4 240% 1.36 [3] 402.9 240% 1.50 [4] 462.0 Beam-sway mechanism formed. Cracking

at base of cast-iron wall.
5 260% 2.92 [2] 437.8 260% 2.13 [2] 494.7 Slight concrete cover spalling of CW1 wall

end regions.
6 130% 2.20 [3] 290.1 220% 2.20 [2] 451.8 No detailed damage observation

conducted.
7 220% 3.51 [2] 406.7 280% 3.00 [3] 514.3 First floor CW1 wall longitudinal

reinforcement becomes visible.
8 220% 3.99 [2] 427.8 300% 4.19 [2] 518.0 Peak strength reached.
9 260% 5.60 [2] 444.2 300% 5.88 [2] 486.1 Spalling of concrete at several G1 beam

ends
Minor spalling above patched region of
column X3-Y1

Crushing of end region core concrete and
buckling of longitudinal reinforcement
of CW1 walls.

F IGURE 8 Comparison of damage pattern to beams, columns and walls at the conclusion of the Original (left) and Repaired (right)
structure tests
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12 SHEGAY et al.
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F IGURE 9 Base shear-roof drift ratio response of the (A) Original structure and (B) Repaired structure

6.3 Force-displacement relationship and inter-story drift ratio distribution

The base shear-roof drift ratio relationship for the Original and Repaired structures are shown in Figure 9A and B, respec-
tively. The envelope of the Original structure is traced as a grey line in Figure 9B for ease of comparison. Roof drift ratio
was calculated as the cumulative sum of the inter-story drifts from each floor divided by the total height of the structure.
The “yield points” of the Original and Repaired structures are also plotted in Figure 9B. The “yield point” corresponds to
the formation of a full beam-swaymechanism in the structure. The full beam-swaymechanismwas judged to have formed
when strain in longitudinal reinforcement in all measured flexural hinges (beams, columns, and walls) exceeded the yield
strain. From the comparison of Figure 9A and B the following observations can be readily made: (1) the stiffness of the
Repaired structure leading up to the yield point is lower than that of the Original structure, (2) the apparent yield point of
the Repaired structure has shifted to the right of theOriginal structure’s yield point, (3) the hysteresis loops in the Repaired
structure do not exhibit any obvious increase in pinching characteristics compared to the Original structure (i.e., no sig-
nificant reinforcement bond degradation, or shear sliding along cracks), and (4) the strength of the Repaired structure is
considerably higher than that of the Original structure. These aspects will be discussed in detail in the next section.
Maximum inter-story drift ratio distributions of the Original and Repaired structures are compared in Figure 10. Runs

included in the comparison are those that achieve similarmaximum roof drift ratios in both experimental programs (here-
inafter “comparable Runs”). The purpose of this comparison is tomake qualitative judgment on the shape of the drift ratio
distribution rather than compare absolute magnitude. The maximum inter-story drift ratio distribution shape is very sim-
ilar between the Original and Repaired structures suggesting no significant changes in themode of vibration. Someminor
difference is observed in the Repaired structure where the top inter-story drift ratio is slightly higher relative to the lower
floors, when compared to the Original structure. This difference suggests that in the Repaired structure, upper stories
are softer relative to the lower stories compared to the Original structure. Higher stiffness recovery in the lower floors is
expected because of the higher intensity repair implemented (replacement of reinforcement and concrete) compared to
the upper floors (epoxy injection only). Additionally, concrete cracks in the upper stories were generally narrower com-
pared to that of the lower stories (particularly for columns and walls), resulting in likely reduced epoxy resin penetration
depth.

7 PERFORMANCE RECOVERY OF REPAIRED STRUCTURE

The primary objective of this studywas to understand the effectiveness of basic repair techniques on the recovery of seismic
performance of a damaged RC structure. Performance recovery is addressed from the perspective of stiffness, damping,
deformation capacity, and strength. These four aspects will be systemically addressed in this section.
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SHEGAY et al. 13
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F IGURE 10 Maximum inter-story drift ratio distribution for runs resulting in similar peak roof drift ratio

0 1 2 3 4 5 6

Inter-storey drift ratio, %

0

0.5

1

1.5

λ
K
=

 rK
s/

u
K

s

Overall

1st storey

2nd storey

3rd storey

4th  storey

'Overall' plotted 

against roof
drift ratio

F IGURE 11 Recovery of secant stiffness, 𝜆𝐾 , for overall structure and for each storey

7.1 Recovery of stiffness

The recovery of structural stiffness is an important consideration in estimating potential future force and deformation
demands on the structure. In this section, secant stiffness recovery is investigated over several excitations of the Repaired
structure. As the response hysteresis loops are rounded due to inherent damping, in this paper secant stiffness of each
Run is calculated as the average of the secant stiffness to maximum base shear and the secant stiffness to maximum
deformation of that Run. Yield secant stiffness is calculated using the yield points in Figure 9B. The recovery factor, 𝜆𝐾 , of
the secant stiffness of the Repaired structure, rKs, to that of the Original structure, uKs (where secant stiffness is calculated
from the origin of the respective Run 1), is shown in Figure 11 for each comparable Run. The recovery factor is shown for
both the “overall” response (i.e., using roof drift ratio) as well as that for each individual story, where accelerometer and
inter-story drift data was used to get individual story stiffnesses. The “overall” initial stiffness of the Repaired structure
(i.e., secant stiffness of Run 1) recovered to 66% of the Original structure. This number is similar to the 75% recovery
ratio estimated from ambient vibration measurements, with the difference being due to the nature of the secant stiffness
averaging method described above. These results show that despite a systematic and relatively extensive epoxy injection
procedure the initial stiffness could not be fully recovered. This is likely due to a substantial number of cracks being too
narrow or simply imperceptible to be effectively injected. Leading up to Run 4, secant stiffness recovery tends to be higher
in the bottom stories (e.g., 𝜆𝐾 = 0.75 at first story for Run 1) compared to the top stories (𝜆𝐾 = 0.47 at top story for Run
1). This tendency is consistent with the data in Figure 10 where lower stories exhibited relatively lower peak inter-story
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14 SHEGAY et al.
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F IGURE 1 2 Equivalent viscous damping ratio of the Original and Repaired structures evaluated using three methods

drifts, and again suggests that the repair was more effective in the lower stories. Following Run 4, the Repaired structure
exceeded the strength of the Original structure, resulting in secant stiffness higher than unity thereafter.
From Figure 9B, the yield point has shifted from 0.97% in the Original structure to 1.3% in the Repaired structure. This

shift is not thought to be due to a reduction in post-cracking stiffness (e.g., due to Bauschinger effect) because the Run
4 hysteretic curve of the Repaired structure passes directly through the Original structure’s yield point, as can be seen in
Figure 9B. Rather, this shift is thought to be due to member sections developing higher yield curvatures due to higher
section yield strengths.29 This observation suggests that the overall structural strength increase seen in Figure 9 is due to
inherent strength increase of individual members rather than a change in modal vibration characteristics. Based on the
yield point definition in Figure 9B, the “overall” yield secant stiffness of the Repaired structure recovered to 87% of the
Original structure.

7.2 Recovery of equivalent viscous damping

Damping is necessary in structures to dissipate the input energy from earthquakes; therefore, it is critical to understand
how much damping capacity can be recovered through structural repairs. Three calculation methods were used to eval-
uate the equivalent viscous damping ratio, 𝜁𝑒𝑞, for each comparable Run. The “spectrum” method utilized the capacity
spectrum approach, where for each Run the design demand spectrum in Figure 3 (scaled to the respective Run magni-
tude in Table 5) was adjusted by a damping reduction factor, 𝐹ℎ, in Equation (4), until an intersection with the capacity
curve of the structurewas obtained.30 The corresponding damping ratio, 𝜁𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚, was then back calculated from𝐹ℎ using
Equation (4).19 As Equation (4) is an empirical formula, the “spectrum”methodwill naturally yield empirical estimates of
damping ratio. In the “substitute” method all energy dissipated during the entire dynamic response history is assumed to
be due to viscous damping. Using an equivalent single degree of freedom response of the structure, the substitute damp-
ing ratio, 𝜁𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑒, can then be calculated using Equations (5–6).31 This method assumes that all of the energy input
into the structure is dissipated through viscous damping, and thus provides a single “average” damping value over the
duration of the excitation. Finally, in the “area” method the equivalent viscous damping ratio, 𝜁𝑎𝑟𝑒𝑎, is calculated using
Equations (7–8), where the Δ𝑊 is taken as the area inside the largest half-cycle hysteresis loop of each Run and𝑊𝑒 is the
strain energy corresponding to the maximum deformation of that cycle.32 In this calculation method it is assumed that
the structure is under resonant, steady-state response, though this is not the case in random vibration. The damping ratio
calculated via each method and for each comparable Run of the Original and Repaired structures is plotted against the
maximum roof drift ratio of the corresponding Run in Figure 12.

𝐹ℎ =
1.5

1 + 10𝜁𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚
(4)

𝜁substitute = −
∫
𝑡
0 𝑢̈0𝑔𝑢̇𝑑𝑡

2𝜔𝑒 ∫
𝑡
0 𝑢̇

2𝑑𝑡
(5)
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SHEGAY et al. 15
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F IGURE 13 Recovery of damping ratio for each Run (Original/Repaired)

𝜔𝑒 =
√

(𝑆𝑎,𝑚𝑎𝑥 − 𝑆𝑎,𝑚𝑖𝑛)∕(𝑆𝑑,𝑚𝑎𝑥 − 𝑆𝑑,𝑚𝑖𝑛) (6)

𝜁area =
1

4𝜋

2Δ𝑊

𝑊𝑒
(7)

𝑊e =
1

2

𝑉𝑢𝑚𝑎𝑥

𝑢𝑚𝑎𝑥
(8)

where𝐹ℎ is the design spectrum reduction factor due to damping, 𝑢̈0𝑔 is the input acceleration timehistorymeasured at the
structure’s foundation level, 𝑢̇ is the first mode velocity response of the structure, 𝑡 is the total duration of the excitation,𝜔𝑒

is the equivalent structural natural cyclic frequency corresponding to each Run, 𝑆𝑑,𝑚𝑎𝑥 and 𝑆𝑑,𝑚𝑖𝑛 are the maximum and
minimum spectral displacement values for each Run, respectively and 𝑆𝑎,𝑚𝑎𝑥 and 𝑆𝑎,𝑚𝑖𝑛 are the corresponding spectral
acceleration values. 𝑢𝑚𝑎𝑥 and 𝑉𝑢𝑚𝑎𝑥

are the maximum roof drift and the corresponding base shear, respectively.
FromFigure 12 it can be seen that the absolute value of the equivalent viscous damping ratio varies significantly between

each calculation method. The level of variability tends to decrease with increasing roof drift ratio of the structure. The
“substitute” method results in the highest damping ratios (above 20% for both Original and Repaired structures). The
“spectrum”method produces higher damping ratios than the “area” method up until roof drifts of around 3%, after which
the trend is reversed, such that the “area” method produces higher damping ratios. The large variability in the damp-
ing ratio between methods is not unexpected given the fundamentally different theoretical and empirical assumptions
in the calculations. These differences have been previously shown to have a dependence on the structural period, duc-
tility and hysteresis shape.33 In this study, the focus is given on the level of recovery of damping ratio rather than the
absolute magnitudes. To calculate the damping capacity recovery factor, 𝜆𝑑, the damping ratios for the Repaired struc-
ture were normalized by that of the Original structure for comparable Runs. The results are shown in Figure 13 (Run 1
and 2 data are excluded as large scatter was obtained when executing the quotient operation in the elastic region of the
response). The comparison shows that despite large differences in the absolute damping ratio values seen in Figure 12,
the magnitude of the damping recovery factor is generally in agreement between all three calculation methods for the
Runs shown. The damping capacity recovery factor is approximately 𝜆𝑑 ≈ 80% up to 2.7% roof drift (i.e., Run 7/5 in
Figure 13). This suggests that the damping capacity is only partially recovered at low-moderate seismic demands. The loss
of damping capacity is attributed to imperfect restoration of the concrete performance (e.g., deficiencies in epoxy injec-
tion technique to reseal all cracks). On the other hand, at higher drifts (Run 8/8 and Run 9/9) corresponding to higher
levels of damage, the damping capacity recovery factor is close to or slightly exceeding 1.0. At these high drift demands,
concrete is generally fully cracked and so energy dissipation capacity is largely governed by the plastic deformation of
reinforcement; thus, reduction in damping capacity is not expected provided there is no degradation in performance of
reinforcement. Given these results, in simplified models of repaired structures that utilize some form of equivalent lin-
earization of the beam-sway structural system, using a lower bound damping capacity recovery factor of 80% may be
appropriate.
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16 SHEGAY et al.
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F IGURE 14 Plastic h inge rotation-base shear curve of the instrumented CW1 wall (Run 6 not shown)

7.3 Recovery of deformation capacity

Structural members in beam-sway structuresmust possess adequate deformation capacity to ensure sufficient earthquake
energy absorption can occur. Structuralmembers experiencing reduced deformation capacity due to repairsmay no longer
possess the necessary ductility to justify the shear force reduction factors assumed in the design.While neither theOriginal
nor the Repaired structures were allowed to reach a level of total collapse during the experiments (due to safety concerns),
some inferences can be made on deformation capacity based on the available data. The only X-direction members to
have experienced failure in both testing programs were the CW1 walls (Figure 8D). The measured wall rotation-base
shear backbones of the CW1 wall response in the Original and Repaired structures are shown in Figure 14. It can be
observed from Figure 14 that both the Original and Repaired walls experienced significant strength degradation in the
final run, which coincided with observation of concrete crushing and longitudinal reinforcement buckling in the corners
of the wall (Figure 8D). The maximum rotation of the CW1 wall in the Repaired structure prior to the significant strength
degradation (0.038 rad.) exceeded that of the Original structure wall (0.027 rad.), suggesting that deformation capacity
was fully recovered. Higher deformation capacity of the CW1 walls in the Repaired structure is thought to be due to the
replacement concrete being slightly softer than the original material (Table 3) combined with the softening of the beams
that frame into the wall, allowing higher section curvatures to be attained in the wall. This data suggests a deformation
capacity recovery factor 𝜆𝑑𝑐 = 1.0 is appropriate for flexural walls, which is also in agreement with the value in the FEMA
306 guidelines. From the perspective of system-level performance, though themaximum deformation capacity at collapse
is unknown, it can be seen in Figure 10 that inter-story drift ratio exceeded 5% in both structures. This is generally outside
the typical range of drift demands expected on buildings, so it can be said that for a practical range of drift demands,
deformation capacity was fully recovered following repairs.

7.4 Recovery of strength

An unexpected increase in structural strength due to repair can be detrimental to structural performance if it disrupts the
intended hierarchy of strength between and within individual structural members. For example, an increase in flexural
strength of amember above its shear strength can cause a transition of failuremechanism from a ductile flexural failure to
brittle shear failure. As can be seen in Figure 9, the strength of the Repaired structure increased compared to the Original
structure. Specifically, an increase of 17% (𝜆𝑠 = 1.17) was observed for both yield and maximum strength. The strength
increase is thought to be due to either (1) a change in mode shape of the response, (2) effect of strengthening of the
structure’s Y-direction, (3) strain hardening of reinforcement, or (4) strain aging of reinforcement.
Similarity in the maximum deformation profiles shown in Figure 10 suggests that the strength increase was unlikely

due to changes in the vibration mode shape. The effect of the cast-iron block wall installed in the Y-direction is also not
thought to be significant due to the early development of a crack under weak-direction loading at the base of the wall.
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F IGURE 15 Stress-strain relationship of D6 and D10 reinforcement before and after strain aging
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Therefore, a combination of reinforcement strain hardening and strain aging are thought to be the principal causes for the
observed strength increase. The presence of strain aging also helps explain the absence of Bauschinger effect in Figure 9,
as previous studies have demonstrated that the Bauschinger effect is “reset” by strain aging.35 Previous studies on strain
aged reinforcement have indicated that a strength increase of 10%–20% of the original yield stress can be expected, and
that this value is somewhat independent of the maximum previously exerted strain.34–37 To confirm whether strain aging
was a cause of the observed strength increase in the present study, longitudinal reinforcement used in the beams (D6
bars), columns and walls (D10 bars) were tested. The test procedure involved subjecting the reinforcement to an initial
tensile strain ranging from 1%–6% (strain ranges recorded in members of the Original structure); unloading and allowing
the bars to age; and finally reloading the bars until tensile fracture. The aging process was accelerated by heat treating
the bars at 100◦C for 4 h, to simulated 1-year of strain aging38 (the period between testing of the Original and Repaired
structures). The stress-strain curves for the “original” non-aged reinforcement and strain-aged reinforcement are shown in
Figure 15. It can be seen that after the strain aging process the yield stress of both the D6 and D10 reinforcement exceeded
the envelope of the “original” reinforcement. The strain aged reinforcement curves also exhibit reemergence of the yield-
plateau, whichwould otherwise not be present had reloading occurred immediately after unloading from the initial strain.
This provides evidence for the disappearance of the Bauschinger effect and an explanation of why the backbone of the
Repaired structure in Figure 9B passes through the yield point of the Original structure. The increase in stress directly
attributed to strain aging (i.e., excluding the effect of strain hardening) for each bar diameter is shown in Figure 16. It
can be seen that while the magnitude of the stress increase is different for the D6 and D10 reinforcement, it is essentially
independent of the initially applied peak strain level, provided yielding has occurred. On average, the increase in stress
is 57 MPa for D6 reinforcement and 81 MPa for D10 reinforcement. Expressed as a percentage relative to the expected
stress at the corresponding strain level for a non-aged bar, this becomes 12% and 19% for D6 and D10 reinforcement,
respectively.
To confirm if the increase in reinforcement strength is consistent with the overall 17% structural strength increase mea-

sured experimentally, a comparison was made between the sum of the moment capacity, 𝑀𝑢,𝑡𝑜𝑡𝑎𝑙, of all plastic hinges
in the Repaired and Original structures (i.e., 4 C1 column hinges, 32 G1 beam hinges and 2 CW1 wall hinges). The indi-
vidual hinge strengths, 𝑀𝑢, were calculated using the Architectural Institute of Japan standard21 (with exception of CW1,

 10969845, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.3818 by T

okyo Institute O
f T

echnology, W
iley O

nline L
ibrary on [16/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



18 SHEGAY et al.

TABLE 6 Estimated increase in total structural strength capacity due to strain aging

Original Repaired
𝑴𝒖 kNm 𝑴𝒖,𝒕𝒐𝒕𝒂𝒍, kNm 𝑴𝒖, kNm 𝑴𝒖,𝒕𝒐𝒕𝒂𝒍, kNm

C1 7.0 28.0 8.0 32.0
G1 (+ve)a 4.4 70.4 4.9 78.4
G1 (−ve) 10.0 160.0 10.5 168.0
CW1 246.0 492.0 287.4 574.8
Total capacity 750.4 853.2

a +ve refers to positive bending, that is, top fiber in compression, and −ve refers to negative bending, that is, top fiber in tension.

wheremoment capacity was calculated from section analysis as the point at which the extreme concrete compression fiber
reached a strain 0.003). To account for strain aging in the calculations, the yield stress of longitudinal reinforcement was
increased from the original strengths in Table 4 by the average values indicated in Figure 16. The total capacity results for
the Original and Repaired structures are listed in Table 6. From this rough calculation a 13.7% overall increase in structural
strength is estimated in the Repaired structure, which is only slightly lower than the experimentally determined 17%. The
results of this sub-study suggest that strain aging was the principal cause of the observed 17% increase in strength of the
Repaired structure. Though strain hardening was not directly quantified (due to uncertainty of the strain state of rein-
forcement following correction of the Original structure’s residual drift), the above results suggest that it had a relatively
minor contribution to the increase in overall strength. As a strength increase of this magnitude can lead to potentially
unexpected failure modes, it follows that strain aging should be an important consideration in the repair decisions of
damaged structures. It is acknowledged that the range of parameters considered in this material sub-study is limited; a
detailed investigation on other commonly used steel grades as well as realistic strain histories (cyclic loading) should be
undertaken in the future.

8 CONCLUSIONS

The objective of this study was to quantify the degree of structural performance recovery achieved from the repair of RC
structures exhibiting flexural damage characteristics. Specifically, the focuswas on utilizing relatively simple and common
repair techniques, as opposed to “strengthening” interventions. As part of the investigation, a previously tested ¼ scale
4-storey RC structure was repaired and retested on a shake table. From damage observations and from the measured
structural response data, the following conclusions are made on the structural performance recovery:

1. Damage characteristics: The degree of visually observed damage in the Repaired structure was generally less severe
(i.e., less spalling) compared to that in the Original structure. This difference is largely attributed to the low stiffness
and high strength of the epoxy mortar used in the repair of previously spalled areas.

2. Stiffness (initial): Periodmeasurements during the repair process indicated that epoxy injection of the beams and slabs
resulted in the highest effect on initial stiffness recovery. Experimental data shows that despite an extensive crack
epoxy injection procedure, overall initial stiffness recovered to only 66% of the Original structure (stiffness recovery
factor tended to be higher in the lower stories of the structure where concrete replacement repair was undertaken). It
is thought that full stiffness recovery could not be achieved due to a substantial number of cracks being too narrow to
be effectively injected.

3. Stiffness (secant yield): The yield point of theRepaired structure shifted to 1.3% roof drift ratio from0.97% in theOriginal
structure. The shift in yield point is thought to be due to the increase in structural strength (i.e., not Bauschinger effect)
because theRepaired backbone passed through the yield point of theOriginal structure. The corresponding yield secant
stiffness recovery was 87%.

4. Equivalent viscous damping: Themagnitude of calculated damping ratio varied significantly depending on themethod
of calculation used. However, when examined as a ratio of Repaired to Original performance, the recovery of damping
capacity was in agreement between all methods. An average damping capacity recovery factor was 80% in low-
moderate drifts, thought to be due to the incomplete effectiveness of crack epoxy injection. At high drifts, where energy
dissipation is governed by reinforcement yielding, 100% recovery was achieved.
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5. Deformation capacity: Both the Original structure and the Repaired structure exceeded 5% inter-story drift ratio.
Given that this is higher than the typically expected drift demands in structures, it can be said that practically
full recovery of deformation capacity was achieved. Furthermore, the plastic hinge rotation at failure of the X-
direction walls was essentially identical between the two structures, indicating the wall deformation capacity was fully
recovered.

6. Strength: Yield strength and maximum strength of the Repaired structure increased by 17% compared to the Original
structure. A material sub-study confirmed that the reinforcement used in the structure was susceptible to increase in
strength due to strain aging effects. The magnitude of the stress increase was in the range of 12%–19% of peak stress
from initial loading, depending on the type of reinforcement. These results suggest that strain aging was the principal
cause of the overall structural strength increase.
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APPENDIX A
The JBDPA Guidelines7 provide performance recovery factors for repaired structural members. These are reproduced in
Table A1. The exact method of implementation of these factors is not described in the JBDPA Guidelines, though it is
assumed that the intention is similar to the FEMA 3063 factors (i.e., to be used in hingemodels of repairedmembers). The
factors are not specific to a performance characteristic (i.e., strength, stiffness, deformation capacity). They are also given
as a value range as opposed to deterministic values. These areas of ambiguity imply that considerable engineering judg-
ment is expected to be exercised in implementing the performance recovery factors. The recovery factors vary depending
on the type of member, the extent of repair work and the damage level (defined in7; Appendix B).
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TABLE A1 Member performance recovery factors following repair and strengthening

Damage Level
Repair methodology II III IV V
Individual
repair

Column C1 Repair of cracks 0.95–1.0 0.9–0.95

C2 Repair of spalled concrete 0.9–0.95 0.8–0.9
C3 Shear strengtheninga:

Welding, confinement wrapping, plate
0.95–1.0 0.9–0.95 0.8–0.9 0.8–0.9

Wall W1 Repair of cracks 0.9–0.95
W2 Repair of spalled concrete 0.9–0.95 0.8–0.9
W3 Shear strengtheninga: Partial recasting,

total recasting, section enlargement
0.9–0.95 0.8–0.9 0.7–0.8

Combined repair C1 and C2 1.0 0.95–1.0
C1 and C3a 0.95–1.0 0.9–1.0
C1, C2 and C3a 0.95–1.0 0.9–1.0 0.8–0.9
W1 and W2 1.0 0.95–1.0
W1 and W3a 0.95–1.0 0.9–1.0
W1, W2 and W3a 0.95–1.0 0.9–1.0 0.8–0.9

aIf accurate calculations can demonstrate that strength will exceed the original member strength (pre-damage), a factor of more than 1.0 may be adopted.

APPENDIX B
The JBDPA Guidelines7 provide a damage assessment methodology for individual reinforced concrete (RC) members

F IGURE B1 Visual representation of damage states for ductile and brittle members

based on visual observation. All damage is broadly classified into five damage levels, the definitions of which are summa-
rized in Table B1. The damage levels can be shown to represent various parts of the member force-deformation backbone
curve for ductile (flexural) and brittle (shear) members, as shown in Figure B1.

TABLE B1 Definition of damage levels of structural members

Damage level Observed damage in structural members
I Sparse, fine cracks can be observed (<0.2 mm). No reinforcement yielding expected.
II Clearly visible cracks (0.2–1 mm) exist.
III Wide cracks (1–2 mm) are present. Plastic hinging mechanisms begin to form. Some spalling of cover concrete is

observed but concrete core is in-tact.
IV Many wide cracks are observed. Compression damage resulting in concrete spalling and exposed reinforcement.

Lateral strength degradation may occur, but vertical load is still fully carried by walls and columns.
V Buckling (and in some cases fracture) of reinforcement, crushing of concrete and vertical deformation of

columns and/or shear walls observed. Settlement and inclination of structure are characteristic.
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