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Abstract: With the advent of strain-hardening cementitious composites (SHCC), an opportunity for
alternative jacketing solutions is presented, where the internal confinement exerted by the fibers in
the material may effectively encase the structural component, thereby enhancing the strength and
deformation capacity in the critical regions. This concept is explored in the present paper through
testing of four pre-damaged prismatic flexural reinforced concrete members with various reinforcing
deficiencies. Thin SHCC jackets constituted of a fiber-reinforced Engineered Cementitious Composite
(ECC) are used to replace the damaged cover without any additional confining reinforcement. An
advantage of cover replacement is that strengthening is achieved without altering the dimensions of
the members. The experimental results documented the SHCC jackets’ effectiveness as a rehabilitation
strategy, enhancing both the strength and ductility of the retrofitted elements and mitigating the
deficiency in transverse reinforcement detailing. The strength recovery showed that the cover-thin
SHCC jacket sufficed to enhance flexural and shear resistance through confinement and mobilization
of stress transfer at the interface with the encased core.

Keywords: reinforced concrete; plastic hinge strengthening; monotonic loading; cementitious com-
posite; fiber-reinforced; SHCC; strain-hardening; FRC jacketing

1. Introduction

Several retrofitting methods have been developed for the repair and strengthening of
deficient structural elements, a prominent concept being the various forms of jacketing. Such
include concrete and steel jacketing [1–5], fiber-reinforced polymer (FRP), SRP and SRG
jacketing, either fully wrapped around rectangular section (for strengthening of plastic hinge
regions) or in U-shaped layers (for shear strength enhancement) [6–10]. A disadvantage of
concrete jackets is the need to provide a layer of external reinforcement in order to mitigate
the lack of stirrups, which leads to a minimum jacket thickness in the range of 70 to 100 mm;
the increased thickness in some situations is considered a disadvantage, as it interferes with
the architectural function of the retrofitted member, while the jacketing scheme takes on the
role of a global intervention [11], since it affects significantly the stiffness of the member.
Thin jackets (SRP and SRG) are an effective method to reduce the geometric alteration of the
member; their strength is controlled by the anchorage of the metallic wires and the adhesion
of the grout layer on the substrate [6–10]. FRP jackets represent a well-documented, effective,
and quick solution to recover or enhance deformation capacity, mitigating brittle failures
without altering the member stiffness; a disadvantage is the cost, the susceptibility to fire, and
the decreasing efficiency as more and more FRP layers are added to the jacket. Steel jackets
are a very robust option, their only disadvantage being that they are rather expensive and
difficult to apply, and for this reason, this solution is only used in high importance structures,
such as critical highway bridge piers.
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This paper explores the use of Strain-Hardening Cementitious Composites (SHCC) for
replacement of concrete cover as a means of retrofitting damaged reinforced concrete struc-
tural members. Cover replacement means that the external dimensions of the retrofitted
member remain unaltered; the fiber-reinforced cover sustains its tensile strength up to very
large levels of tensile deformation, which, in the role of an encasing jacket of the existing
member, functions as a confinement mechanism (see Figure 1).

Buildings 2021, 11, x FOR PEER REVIEW 2 of 19 
 

disadvantage being that they are rather expensive and difficult to apply, and for this rea-
son, this solution is only used in high importance structures, such as critical highway 
bridge piers. 

This paper explores the use of Strain-Hardening Cementitious Composites (SHCC) 
for replacement of concrete cover as a means of retrofitting damaged reinforced concrete 
structural members. Cover replacement means that the external dimensions of the retro-
fitted member remain unaltered; the fiber-reinforced cover sustains its tensile strength up 
to very large levels of tensile deformation, which, in the role of an encasing jacket of the 
existing member, functions as a confinement mechanism (see Figure 1). 

 
Figure 1. (a) Deficient cross-section; (b) Retrofit with reinforced concrete jacket; (c) Retrofit with cover replacement using 
SHCC. 

The higher the tensile strength and the strain hardening properties of the SHCC ma-
terial, the greater the intensity of the effected jacket confinement. Depending on the type 
of fiber, a high tensile deformation capacity, durability, and reinforcement protection may 
be achieved; the method of application is simple and can provide an alternative solution 
for use in the repair and strengthening of reinforced concrete members either as web con-
crete replacement or as concrete jacket in the areas of plastic hinges of columns [12]. 

In the present research, an Engineered Cementitious Composite (ECC) reinforced 
with 12 mm long, 0.039 mm diameter PVA fibers was used to retrofit the cover of four 
beam–column elements with different types of substandard reinforcement details, which 
had been previously damaged through the application of monotonically increasing lateral 
displacement to failure. This material has a very resilient strain-hardening response in 
direct tension, marked by fine, multiple cracking—therefore, it is an SHCC material. The 
specimens had been designed using the minimum requirements of EN 1992-1-1, 2004 [13] 
for lap-splicing of longitudinal reinforcement and for transverse steel reinforcement de-
tailing. Transverse reinforcement comprised smooth bars to simulate old type (pre-1980s) 
detailing practices. The SHCC material used for cover replacement had already been in-
vestigated in Cyprus [14] with demonstrated advantages in terms of ductility and tensile 
strength. Through testing of the retrofitted components, it was found that the cover re-
placement is a very effective means of strengthening, enabling a significant increase of 
deformation capacity and recovery of resistance. 

The objective of the present work is to investigate a new form of jacketing of rein-
forced concrete members with inadequate transverse reinforcement details, where the 
cover is replaced with a tension-hardening cementitious composite with significant tensile 
strain resilience after cracking. The contribution of the new cover material to the shear 
strength and confinement of existing, damaged reinforced concrete columns through con-
crete cover replacement is investigated through testing. In the following sections, the ex-
perimental program, the material laws, the primary loading results, and the application 
of the retrofit are described in detail, including reference to the observed failure modes, 
and specimens’ section analysis, as well as the overall performance and efficacy of the 
retrofitting methodology. 

 

Figure 1. (a) Deficient cross-section; (b) Retrofit with reinforced concrete jacket; (c) Retrofit with cover replacement
using SHCC.

The higher the tensile strength and the strain hardening properties of the SHCC
material, the greater the intensity of the effected jacket confinement. Depending on the type
of fiber, a high tensile deformation capacity, durability, and reinforcement protection may
be achieved; the method of application is simple and can provide an alternative solution for
use in the repair and strengthening of reinforced concrete members either as web concrete
replacement or as concrete jacket in the areas of plastic hinges of columns [12].

In the present research, an Engineered Cementitious Composite (ECC) reinforced
with 12 mm long, 0.039 mm diameter PVA fibers was used to retrofit the cover of four
beam–column elements with different types of substandard reinforcement details, which
had been previously damaged through the application of monotonically increasing lateral
displacement to failure. This material has a very resilient strain-hardening response in
direct tension, marked by fine, multiple cracking—therefore, it is an SHCC material. The
specimens had been designed using the minimum requirements of EN 1992-1-1, 2004 [13]
for lap-splicing of longitudinal reinforcement and for transverse steel reinforcement de-
tailing. Transverse reinforcement comprised smooth bars to simulate old type (pre-1980s)
detailing practices. The SHCC material used for cover replacement had already been
investigated in Cyprus [14] with demonstrated advantages in terms of ductility and ten-
sile strength. Through testing of the retrofitted components, it was found that the cover
replacement is a very effective means of strengthening, enabling a significant increase of
deformation capacity and recovery of resistance.

The objective of the present work is to investigate a new form of jacketing of reinforced
concrete members with inadequate transverse reinforcement details, where the cover is
replaced with a tension-hardening cementitious composite with significant tensile strain
resilience after cracking. The contribution of the new cover material to the shear strength
and confinement of existing, damaged reinforced concrete columns through concrete cover
replacement is investigated through testing. In the following sections, the experimen-
tal program, the material laws, the primary loading results, and the application of the
retrofit are described in detail, including reference to the observed failure modes, and spec-
imens’ section analysis, as well as the overall performance and efficacy of the retrofitting
methodology.

2. Experimental Program
2.1. Experimental Setup

To evaluate the effectiveness of cover replacement with SHCC, four pre-damaged
structural components were tested under monotonically increasing lateral displacement.
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The objective of the tests was to determine whether the thin cover layers comprising
strain hardening fiber-reinforced cementitious (FRC) material may effectively provide the
benefits of a jacket in confining the structural member, particularly in recovering part of
the deformation capacity in the critical regions of the components tested and to quantify
the FRC cover contribution to the shear strength of the repaired components. To this end,
four specimens of beam/column type were constructed and subjected to monotonic lateral
displacement using the setup illustrated in Figure 2a. The experimental testing in the
reaction frame using a servo-hydraulic piston, depicted in Figure 2b, was adopted from an
older investigation for specimens of similar geometry [15].
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Figure 2. (a) Test setup; (b) Picture of actual setup; (c) Moment and shear diagrams of the simply supported assembly.

Overall, the test setup resembles a simply supported system of a beam–column
subassembly loaded at midspan with a point load, which generates the moment and shear
diagrams shown in Figure 2c.

Two equal length beam-columns were connected back-to-back in the central stub,
which served as the midspan support of the piston. Roller supports were provided at the
ends of the subassembly. The load was applied monotonically under displacement control.
The central stub modeled the foundation part of a half column subjected to constant shear.
The two sides of the subassembly adjacent to the stub represent two half beam-columns; of
those, the one shown on the right-hand side is the test specimen, where specific reinforcing
details and retrofit measures are studied. The one on the left hand-side of the central stub
is a much stronger element (heavily reinforced), which is designed to serve as the reaction
specimen. The longitudinal reinforcement of each prismatic member was anchored in the
central stub with 90◦ hooks; the stub was confined with significant amounts of transverse
reinforcement (Figure 3).

2.2. Parameters of the Test Specimens

Four specimens were constructed, having a 200 mm square cross-section and a length
of the test element equal to 1000 mm, whereas the shear span (distance from the face
of the stub to the roller support) was Ls = 890 mm. Thus, the moment diagram created
resembles the pattern occurring in a structural member that belongs to a lateral load
resisting system undergoing lateral sway (i.e., constant shear in the shear span, linearly
varying moment from the face of the support to the roller). All test specimens had smooth
stirrups comprising 6 mm diameter bars spaced at 120 mm and tied with 90◦ hooks, as
would occur in older construction. Of the four specimens, two had continuous longitudinal
reinforcement, whereas the other two had lap spliced longitudinal reinforcement in the
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critical region extending over a length of 35Φ, where Φ is the longitudinal bar diameter.
This was intended to test the influence of an inadequately tied lap-splice on the deformation
capacity of the member before and after the retrofit.
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element section.

Another parameter studied was the magnitude of shear demand in the plastic hinge
region, which is affected through adjustment of the longitudinal reinforcement ratio. Thus,
by changing the longitudinal bar diameter (Φ, either 10 or 14 mm), the longitudinal
reinforcement ratio was altered from 1.6% to 3.1% (note that a Φ10 has a bar area Ab =
78.5 mm2, whereas a Φ14 has Ab = 154 mm2). Following the monotonically increasing
displacement of the central stub, all columns developed the expected damage in the critical
region. A repairing procedure was applied (ECC jacketing by cover replacement), and
the specimens were re-examined under monotonic loading to assess the repair material’s
contribution to the lateral load resistance and deformation capacity. Therefore, the results
for eight tests are examined in the present study (initial and repaired condition). Specimens
are identified by a code name as depicted in Table 1, referring to the layout of reinforcement
depicted in Figure 3.

Table 1. Specimen parameters’ identification code.

Specimen Code
Condition Longitudinal

Reinf. Ratio, ρ
Bar Diameter

Φ (mm)
No Lap-Splice (NL) With Lap-Splice `o

(in Φ Multiples)Initial Repaired

M1.6Φ10NL
√

1.6% 8–Φ10
√

RM1.6Φ10NL
√

1.6% 8–Φ10
√

M1.6Φ10L35
√

1.6% 8–Φ10 35·Φ
RM1.6Φ1035

√
1.6% 8–Φ10 35·Φ

M3.1Φ14NL
√

3.1% 8–Φ14
√

RM3.1Φ14NL
√

3.1% 8–Φ14
√

M3.1Φ14L35
√

3.1% 8–Φ14 35·Φ
RM3.1Φ14L35

√
3.1% 8–Φ14 35·Φ
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2.3. Specimen Design

The reference specimen that was used as a benchmark for the geometry layout and
reinforcement detailing was the ECC specimen tested in [15]. In the reference study,
a comparison between two test specimens was made, whereby in one case, the steel
reinforcement was configured for Ductility Class M according to EN 1998-1, 2004 [16],
whereas in the second case, the minimum transverse reinforcement was provided; however,
a fiber-reinforced ECC material was used in the latter case, while the same matrix but
without the fibers was used in the former.

Figures 3 and 4 illustrate the geometry of experimental specimens accompanied by
the steel reinforcement detailing. The elements’ axial load ratio was ν = 0. All specimens
and reaction members have cross-sectional dimensions 200 × 200 mm2, with eight bars
symmetrically placed on the cross-section, i.e., three bars per side, as shown in Figure 3.
While specimens were reinforced with 10 or 14 mm bars (Table 1), the reaction members
were all reinforced with eight, symmetrically placed, 16 mm bars. Clear cover was 25 mm
in all cases. During testing, a constant shear force acted in the specimen, equal to 1

2 of
the applied total force at the midspan stub; flexural moment at the critical section was
calculated from the product of the shear force times the shear span.
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bars; (b) with lap-spliced bars.

In the present study, emphasis is placed on the development capacity of longitudinal
reinforcement over the lap length. Pairs of specimens were designed to have either contin-
uous reinforcement or with lapped bars over a length measured from the face of the central
stub, which is equal to 35Φ. The required lap length was calculated as per EN 1992-1-1,
2004 [13], assuming a bond strength fb = 5 MPa, as follows.

The required lap-splice length was obtained from:

lo = a1lb,net ≥ max(0.3al lb, 15Φ, 200 mm), (1)

where lb = lb,net. In Equation (1), coefficient a1 is a factor that depends on the geometric
conditions of the lap-splice, whereas the required anchorage length is obtained from:

lb,net = α·
(

Φ
4
·

fyd

fbd

)
≥ lb,min. (2)

Here, α = 1 for a straight anchorage and α = 0.7 if (a) hooks are formed and the bars
are stressed in tension or if (b) transverse bars have been welded on the anchored bar.
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Length lb,min = max(0.3lb or 0.6lb) for bars in tension or compression, respectively. Upon
substitution, it was found that lo = 2·(0.25·Φ·500/5) = 50Φ (with a1 = 2). In the present
investigation, the estimated required lap-slice lengths for anchorage are shown in the insert
table of Figure 3c. Where lap-splicing has been used, a shorter lap than the required value
was provided (i.e., 35Φ as compared to 50Φ) to represent older practices of construction.
The lapped bar-pairs were placed side by side at the top and bottom sides of the cross-
section, as depicted in Figure 3f,g To further emulate old reinforcing practices, stirrups were
spaced at distances of 120 mm, i.e., 12Φ and 8.5Φ for the two utilized sizes of longitudinal
bars, respectively. Pictures of specimens’ actual steel reinforcement configurations are
provided in Figure 4.

2.4. Material Properties

Table 2 presents the mix design for standard concrete and the resulting average
compressive strengths obtained after 28-day testing of 100 mm diameter by 200 mm height
cylinders in uniaxial compression. The corresponding axial compressive stress vs. axial and
lateral strain diagrams are plotted in Figure 5a. The uniaxial tensile stress-strain diagrams
of steel reinforcement (all bar sizes) are plotted in Figure 5b.

Table 2. Standard concrete mix design and concrete compressive strengths.

Materials Quantity (kg/m3) Specimen ID fc
′ (MPa)

Cement 352 M1.6Φ10NL 61.20
Water 211 M3.1Φ14NL 54.75

Sand (0–4 mm) 828 M1.6Φ10L35 61.45
Gravel (4–10 mm) 1004 M3.1Φ14L35 58.30
Superplasticizer 6
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Figure 6 illustrates the crack pattern of specimens after monotonic loading up to an
advanced level of damage or failure, whichever occurred first. Tests of specimens with
continuous reinforcement were terminated at a nominal drift ratio of 5%; specimens with
lap-spliced reinforcement failed at a corresponding nominal drift ratio of 3%. As shown
in Figure 6a, a through vertical crack developed at the face of the support of specimen
M1.6Φ10NL, combined with flexure and shear-flexure cracks. Specimen M3.1Φ14NL also
developed flexure-shear cracking, but eventually tensile reinforcement pullout from the
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central stub dominated the response, as may be observed from the initiating horizontal
crack on the adjacent stub at this point. For both specimens M1.6Φ10L35 and M3.1Φ14L35,
where reinforcement was lap-spliced in the critical zone, a brittle shear failure was observed,
which was accompanied by shear cracks starting from the overlapping endpoint.
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The response curves obtained are presented together with those of the retrofitted
counterparts in later sections of this paper. The response was marked by an almost linear
ascending branch up to a drift ratio of about 1% for M1.6Φ10NL and M1.6Φ10L35, and up
to about 1.5% for specimens M3.1Φ14NL and M3.1Φ14L35; peak strengths were attained
roughly at 3% drift ratio for the specimens with continuous reinforcement, but strength
degradation started earlier (at about 2.5% drift ratio) for the lap-spliced specimens. The
drift level where each specific crack occurred is shown in Figure 6 (numerals on the speci-
men faces near the cracks represent the drift level at which the crack had propagated up to
the point that is adjacent to the numeral). A brittle failure was observed in the lap-spliced
specimens, which was marked by dense diagonal cracking, with a clear splitting crack
propagating along the lap splice. No reinforcement ruptures were observed; longitudinal
reinforcement yielded extensively with yield penetration into the central stub and signifi-
cant pullout slip at the support, whereas, owing to the poor anchorage of the stirrups, the
transverse reinforcement did not reach the yield point.

2.5. Retrofitting Procedure

The procedure for repair and strengthening was carried out after completion of the
monotonic tests. All tested specimens were retrofitted in the critical region (starting from
the face of the support, the repair length was hcr = 2bw) after removal of the damaged cover,
as depicted in Figure 7a, using a small electric concrete hammer until all the reinforcement
was revealed. Where the damaged region extended into the central stub, this was also
included in the retrofit. The removed concrete cover was replaced using an inhouse-made
ductile, fiber-reinforced cementitious composite (ECC) material, which was placed to also
function in the role of a jacket. The mix design of the ECC material is listed in Table 3. The
material was workable, self-consolidating with a pot life that extended to about 40 min
after mixing.
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Figure 7. (a) Removal of damaged cover to full revelation of the bars; (b) Bottom extendable form for
lower cover cast; (c) Side forms for side and top cover cast; (d) Final result of cover replacement.

Table 3. Strain-hardening ECC mix design. Compressive strength and corresponding compres-sive
strain at peak: fc,ECC = 45 MPa, εco = 0.0027.

Materials Quantity (kg/m3)

Cement 530
Water 372

Fly Ash 636
Silica Sand 425

PVA Fibers (12 mm, dtex 39) 16.25
Superplasticizer 13

Figure 7b,c depict the placement of the ECC material in the cover of the specimen,
lying in the horizontal direction during repair as during testing. To facilitate placement,
an extendable form was used; first, the lower layer (bottom cover) was cast, as shown in
Figure 7b, with the sides of the form extending upwards only 40 mm. Then, the extensions
to the side forms were placed as shown in Figure 7c, and the side cover was cast, whereas
the top cover and finishing of the free surface followed. Where cracking had been detected
in the reaction members, they were strengthened with high strength repair mortar and
CFRP wraps, in order to enhance their reacting capacity to the repaired study specimens.

2.6. Repair Material

The mix design for the repair ECC material used for cover replacement is listed in
Table 3. PVA fibers having a tensile strength of 1600 MPa, a Young’s Modulus of 40 GPa,
density of 1300 kg/m3, length of 12 mm, and diameter of 39 µm were added at a volumetric
ratio of 1.25%. Then, 75 mm in diameter by 150 mm-high ECC cylinders were tested in
compression under displacement control in order to characterize the compressive stress–
strain properties of the cementitious repair material. Figure 8 presents the average axial
compressive strain vs. axial and circumferential strain of the tested specimens. Flexural
prisms having a cross-section of 60 × 100 mm2 and a span of 180 mm were tested under
four-point loading (with the applied loads acting at the third points of the span). The
objective of these tests was to obtain the tensile stress–strain response of the material
through inverse analysis; the detailed description of the procedure used is provided in the
following paragraphs and Appendix A.
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Figure 8. Cylinder’s compression stress vs. lateral and axial strain curves for fiber-reinforced concrete.

Yang et al. 2020 [17] used the inverse analysis method to determine the critical points
of the tension stress–strain response of the material using the approach adopted by the
CSA-S6 Annex 8 (2019) [18], which was originally proposed by Lopez (2017) [19]. The
procedure requires the resistance curve from third-point loading as depicted in Figure 9a,
where the total applied vertical load is P and the midspan displacement is δ. Note here that
the midspan displacement must be measured with reference to the chord of the deformed
specimen (i.e., with reference to the chord of the member, which is the line that connects
the midpoints of the sections directly above the supports). This is achieved either using
a jig mounted on the specimen that supports the linear variable differential transducers
(LVDTs), in order for the relative displacement to be obtained directly, or three LVDTs are
used, in order to measure both the midspan deflection and the support displacements from
a stationary reference, so that the relative displacement δ may be obtained (the latter was
used in this study).

The slope of the ascending branch of the curve, so, defines the point (P, δ) and the
intersection of the straight lines from (0,0) with inclination 75% and 40% of so, which are
denoted as s75 and s40, with the envelope curve, determines the points (P1, δ1) and (P2, δ2).
Additionally, (P3, δ3) and (P4, δ4) correspond to the 97% of maximum load and 80% of P3
in the post-peak range, respectively.

Using the coordinates of these points from the resistance curve of the prism specimens,
the milestone points of the tensile stress–strain response of the material are obtained,
as shown in Figure 9b; note that the obtained tensile behavior comprises a stress–strain
part that describes the ascending and strain-hardening part of the response (f-ε), which is
followed by a stress-crack opening displacement (f-w), where the maximum crack width,
w, is limited by half the length of fiber used, lf (i.e., here wmax = 6 mm).

A summary of the inverse analysis steps and the related mathematical relationships,
which are used in conducting the calculations, is provided in Appendix A. Following the
application of this procedure, the results obtained for the characteristic tensile stress–strain
response of the ECC material are given in Table 4.

Table 4. Inverse analysis results.

fcr = 4.65 MPa
fFu = 5.00 MPa

EC = 18, 300 MPa
εtu = 0.0092
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2.7. Instrumentation

The instrumentation layout included five LVDTs (defined earlier) and eight displace-
ment transducers (DTs) of different nominal gauge lengths (see Figure 10) to record the
specimens’ deformations and displacements during the experiment. The positioning of
the whole instrumentation equipment is depicted in Figure 10. For monitoring of the
vertical deflection, five LVDTs were installed at the bottom center point of the element.
DTs 7 and 8 were positioned at the ends of shear spans to measure the centroidal axis’s
vertical displacement, and DTs 1 to 6 were installed at the top and the bottom sides of
experimental specimens at the areas where the development of plastic hinge was expected.
All measuring instruments were supported on an independent steel beam without having
any contact with the reacting steel frame that supported the hydraulic piston.
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3. Observed Experimental Response
3.1. Damage Profiles and Resistance Curves

The responses of the retrofitted specimens obtained after monotonically increasing
midspan load applied under displacement control are compared with the original spec-
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imens in Figures 11 and 12. The failure modes are compared for the original and the
retrofitted specimens placed side by side in Figure 11. Figure 12 plots the experimentally
obtained resistance curves for the original and the retrofitted specimens; the vertical axis
plots the shear force developed in the shear span of the specimen (i.e., it is half the total
applied load), whereas the drift ratio plotted in the horizontal axis is the nominal chord
rotation of the deforming member, which is calculated as the ratio of midspan displace-
ment divided by the deformable length of the member from the face of the support to the
end roller.
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Figure 11. Failure modes of specimens: (a.1) M1.6Φ10NL vs. (a.2) RM1.6Φ10NL; (b.1) M3.1Φ14NL
vs. (b.2) RM3.1Φ14NL; (c.1) M1.6Φ10L35 vs. (c.2) RM1.6Φ10L35; (d.1) M3.1Φ14L35 vs. (d.2)
RM3.1Φ14L35.
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Figure 12. Envelope curves of specimens: (a) M1.6Φ10NL vs. RM1.6Φ10NL; (b) M3.1Φ14NL vs. RM3.1Φ14NL;
(c) M1.6Φ10L35 vs. RM1.6Φ10L35; (d) M3.1Φ14L35 vs. RM3.1Φ14L35.

Note that all specimens in the original condition developed a brittle response after
attainment of the peak load. On the contrary, retrofitted specimens with continuous
reinforcement attained their peak load at a drift ratio of about 3% and showed spectacular
deformation capacity and resilience up to nominal drift levels that exceeded the limit of 5%
(see Figure 12). For example, specimen RM1.6Φ10NL, containing a low reinforcing ratio
and continuous bars extending into the central stub, developed a purely flexural response
marked by cracks oriented normal to the neutral axis of the element; the same behavior
was observed in the case of specimen RM3.1Φ14NL, despite the very high shear demand
effected by the larger size of longitudinal bars; however, in this case, diagonal cracking did
occur particularly beyond a drift ratio of 1.5%.

During primary loading, specimens with continuous longitudinal reinforcement had
developed shear and shear-flexure cracks of maximum length 200 mm and width 0.2–
0.3 mm. Lap-splicing specimens had shown densely combined diagonal and horizontal
crack patterns of length and width 300 mm and 1–2 mm, respectively. On the other hand,
failure modes of retrofitted elements showed a lighter crack profile, with cracks extending
to shorter lengths and with smaller crack width openings in the critical region. A wide
vertical crack that pre-existed from the first phase of loading at the face of the support,
owing to the anchorage slip from the footing, which occurred in the primary loading phase,
persisted in the post-repair phase.
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It is noted that the contribution of the ECC cover in both cases is significant, despite
the fact that the average compressive strength of the ECC material was inferior to that of the
original specimens; the improved behavior is evidently owing to the confining contribution
of the jacket material in the compression zone, but also it is due to the contribution of the
tensile strength of the material beyond cracking in the section equilibrium (a resultant
tensile force develops in the concrete tension zone).

The specimens containing lap splices showed inferior performance to those with
continuous reinforcement when tested in the original condition (see Figure 11c.1,d.1, and
the green lines in the resistance envelopes of Figure 12c,d). Although the replacement of
the cover could not fully recover the original strength of the specimens due to permanent
damage in the joint region (anchorage), a much more resilient response was obtained after
retrofit; the extent of cracking was also less after retrofit, underscoring the strain hardening
response of the cover material in tension.

The compressive layer of the replaced cover spalled off in the cases of RM1.6Φ10L35
and RM3.1Φ14L35 at relatively large levels of drift, which was dominated by reinforcement
pullout from the anchorage (a damage caused in the first phase of loading, which could
not be repaired without invasive operation in the rigid side of the stub; this was not
done because it was deemed to be beyond the scope of the study, which focused on cover
replacement only).

To illustrate the strength recovery that was effected by the retrofit procedure, sec-
tional analysis of the specimen cross-sections shown in Figure 1, considering the original
condition of the cover, as well as its replaced condition as per Figure 1c, is pursued in the
following section.

3.2. Evaluation of the Flexural Strength of the Specimens

Calculation of the flexural moment vs. curvature of the cross-sections of the specimens
with continuous reinforcement was conducted using the basic concepts of the theory of
flexure (plane sections remaining plane, discretization of the cross-section in layers and
numerical integration). Material stress-strain laws were as follows: (a) for concrete and
ECC concrete in compression, a basic Hognestad-type parabola (1951) [20] was used to
describe the ascending branch, each material attaining its respective peak compressive
strengths (as per Tables 2 and 4) at a compressive strain of 0.002 and 0.0027 for plain
and ECC concretes, respectively; the Kent and Park (1982) [21] model was used for the
post-peak descending branch, using strain values of εc,50 = 0.003 and 0.004, respectively
(this is the strain in the post-peak range where compressive strength has been degraded
to 50% of peak). The tensile strength of plain cover was neglected in the analysis of the
original sections. However, the tensile strength of the ECC cover was accounted for in
calculating the forces developed in the sectional layers that fell within the tension zone of
the repaired sections using a bilinear, elastic–perfectly plastic stress–strain diagram for the
tensile response prior to crack localization (at εtu = 0.0092, see Figure 9c and Table 4). The
slope of the ascending branch was set equal to the elastic modulus of the ECC (=18300 MPa).
A bilinear elastic–perfectly plastic diagram of stress and strain curve for steel reinforcement
was considered, the yield point being defined as per Figure 5b.

The calculated moment–curvature diagrams are plotted in Figure 13 for the typical
cross-sections of specimens M1.6Φ10NL, RM1.6Φ10NL, M3.1Φ14NL, and RM3.1Φ14NL.
The strength obtained in the respective test is plotted as well. It is noted that strength
values are approximated closely by the flexural theory. Evidently, the actual influence
of the ECC cover replacement is remarkable, underscoring the confining effectiveness
of the jacket as well as its sustained tensile resilience to large strain levels, which was
also sufficient to compensate for the initial stiffness loss of the damaged specimens (the
retrofitted specimens were stiffer than the original cases).
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3.3. Envelope Resistance Curves

The improvements attained in terms of lateral load resistance and deformability by
means of cover replacement are summarized in Table 5 both for the original as well as the
retrofitted components. Values reported include the coordinates of nominal yielding (Vy
and θy, defined by the point in the ascending branch of the response curve that corresponds
to 80% of strength), peak resistance (Vmax and θmax), as well as the point in the post-peak
branch at a residual strength equal to 80% of the peak, or the last point in the experimental
curve if degradation did not occur (Vu, θu); these points are also marked on the response
curves of Figure 12. In all cases, the ECC-retrofitted specimens developed a more ductile or
resilient response curve than the corresponding control specimens. The post-peak strength
reduction was more gradual, and a greater energy dissipation was achieved by means of
the retrofit.

Table 5. Characteristic points of the retrofitted envelope curves and ductility µ.

Specimens Vy (kN) θy (%) Vmax (kN) θmax (%) V80% (kN) θ80 (%) µ θ80/θy

M1.6Φ10NL 24.7 1.8 30.9 3.3 24.7 5.1 2.8 -
RM1.6Φ10NL 28.8 1.6 36.0 2.4 30.5 5.7 3.6 -
M3.1Φ14NL 45.0 1.8 56.2 3.1 47.6 4.7 2.6 -

RM3.1Φ14NL 48.0 1.8 60.0 2.6 57.0 10.3 5.7 -
M1.6Φ10L35 32.8 1.3 41.0 2.4 32.8 2.7 2.3 2.1

RM1.6Φ10L35 26.0 0.9 32.5 1.7 26.0 2.6 10.5 2.9
M3.1Φ14L35 49.4 1.7 61.7 2.8 49.4 3.0 1.9 1.8

RM3.1Φ14L35 45.2 1.5 56.5 2.3 45.2 3.6 6.4 2.4
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The experimental results confirmed older investigations where traditional jacketing ap-
proaches had been applied without dowelling [22], provided the member was fully encased
by the jacket as in the present case. In these studies, lateral load resistance and deformation
capacity were improved as a result of the high tensile properties of the retrofitting material.
In a state-of-the art review of strengthening applications with ECC, Shang et al. 2019 [23]
concluded that the strain-hardening property of ECC renders it an ideal retrofitting mate-
rial; the interfacial resistance is adequate to ensure monolithic behavior between core and
jacket, which is a finding that is also supported by inclined interface shear tests between
plain and ECC concrete, particularly if the substrate is roughened prior to the strengthening
application. It is also worth mentioning that the results of the present work are in line
with the findings of Papavasileiou et al. 2020 [24], who demonstrated that implementing a
thin jacket layer to a deficient member is an effective retrofit technique that can be com-
petitive to other strengthening methods (such as conventional thicker jackets or bracings
at frame bays), provided that the thin jacket is composed of appropriate material(s) to
develop sufficient confinement of the core and the additional strength required for the
retrofitted member.

To assess the jacket effectiveness in enhancing all the mechanisms of resistance (apart
from flexural strength which is depicted in Figure 13a), the contribution of the 25 mm
jacket layer provided to shear and lap splice strength of the member was calculated with
reference to Figure 13b,c. First, the average confining stress in the remaining core concrete
(after cover replacement) is estimated from equilibrium of normal stresses through a cut in
the cross-section:

σcon =
2× tj × ftu

bcore
=

2× 25 mm× 5 MPa
200 mm− 2× 25 mm

= 1.67 MPa. (3)

Shear strength contribution is obtained with reference to the shear sliding plane
inclined at an angle θ = 45◦ (Figure 13c) with respect to the longitudinal axis of the member
(since there is no axial load present) and assuming isotropic development of tensile strength
in the jacket (on account of the random distribution of the fibers) as:

Vj = 2× tj × ftu
(
h− tj

)
× tanθ = 2× 25 mm× 5 MPa× (200− 25) mm× tan45◦ = 43.7 kN. (4)

It is noted that the contribution to shear is substantial and increases with the depth
of cross-section, whereas the effective core confinement is inversely proportional to the
section width, so the effect of confinement on the compression zone may be neglected. On
the other hand, the jacket force normal to the splitting plane (see the red lines representing
splitting cracks through the lap splices in Figure 13b) multiplied by the length of lap splice
quantifies the tension development capacity increase for each of the spliced longitudinal
bar pairs (assuming a coefficient of friction of 1 over the bars), which is estimated here as
∆T = µ·

(
tj· ftu

)
·35Φ, which is equal to 43 kN for 10 mm diameter bars and 61.2 kN for 14

mm bars. Note that even with a safety factor of 2, the jacket contribution to both shear and
lap-splice development capacity remains significant.

4. Conclusions

A retrofit scheme of reinforced concrete structural members with old-type detailing,
comprising replacement of conventional concrete cover with a ductile, tension hardening
engineered cementitious composite (ECC) was studied in the present work. Based on the
experimental results, the following conclusions are drawn.

The ECC-cover replacement acted as a confining jacket, mitigating the brittle charac-
teristics of the response of inadequately tied structural elements. The tension-hardening
characteristic of the new cover material participated in flexural response through the de-
velopment of tensile stresses over the height of the tension zone, thereby enhancing the
flexural strength by more than 17% and 9%, respectively, for flexure and shear dominated
members that had been originally damaged under lateral sway. It also recovered the
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lap-splice resistance of members controlled by failure in lap splices due to inadequate
transverse confinement and enhanced their post-peak resilience.

By the retrofitting application of ECC jackets in the plastic hinge zone, significant rota-
tion capacity was attained: retrofitted specimens with continuous reinforcement exceeded a
drift ratio of 5.5%; lap-spliced specimens exceeded a drift capacity ratio of 2.5% after retrofit
of the lap-splice zone. Where reinforcement anchorage was not severely damaged during
the previous loading application, the cementitious material’s contribution in the increase of
lateral load resistance was significant. Where damage outside the critical region (in the foot-
ing) had occurred, cover replacement was still able to retrofit the critical region recovering
a significant fraction of strength (90% of maximum) and imparting notable strain energy
absorption capacity and resilience. The contribution of the ECC jacket to confinement of
the encased core, to the member’s web shear strength, and to the lap-splice development
capacity through clamping action was quantified, using established mechanistic models.
It was found that this contribution can be substantial and can alter the critical mode of
failure of the structural member while at the same time enhancing the component’s strain
energy dissipation and resilience. Thus, for a layer of 25 mm of strain-hardening jacket
material with a uniaxial tensile strength of 5 MPa, it was found that the confining pressure
exerted on the encased core was 1.65 MPa, the shear strength increase was 43.7 kN (i.e., an
average shear stress of 5 MPa developing in the vertical segments of the jacket), whereas
the clamping force enhancing the development capacity by an equal amount due to friction
was 125 N per mm of lap length and for each bar pair (i.e., a total of 43 kN and 61.2 for a
10 mm and 14 mm diameter lapped bar, i.e., it was adequate to support yielding of the
longitudinal reinforcement).

The experimental program confirms that the replacement cover developed sufficient
bond at the interface with normal concrete, to the extent that stress transfer was possible in
order to engage the section in a monolithic response.
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Appendix A

The tensile properties of the strain-hardening, fiber-reinforced cementitious material
are derived from the resistance curve of a prismatic specimen loaded at the third-points
along its span as depicted in Figure 9a [19]. The dimensions of the specimen are L, h, and
b (clear span, section height, and width); in the present study, these values were 180, 60,
and 100 mm, respectively. The tensile modulus of elasticity is ECO, and the effective strain
value is εto. Taking into consideration that after localization (at the peak point), the crack
occurs at a horizontal distance do from the mid-span in the constant moment region, where
the peak displacement actually occurs, the corrected displacement of that midpoint is
determined, δ∗4 . Next, the normalized parameters K1 to K5 are defined. See Table A1 for
relevant expressions.



Buildings 2021, 11, 180 17 of 18

The inverse analysis method summarized herein determines the milestone points
in the tensile stress–strain and tensile stress–crack-opening displacement w, as per the
idealized bilinear shapes adopted in Figure 9c [19] and d: fcr represents the cracking
strength and fFu represents the ultimate tensile resistance after strain hardening; the
respective strains are εcr and εtu. The magnitude of crack opening after failure wo is
measured in mm, whereas lF is the fiber length used in the mix (here PVA fibers, 12 mm
long). Values P1, P2, P3, and P4 and the corresponding values of the relative displacements
δ1, δ2, δ3, and δ4 are obtained from the characteristic points defined in Figure 9b; the
particular values used herein are obtained from the curves shown in Figure A1.

Table A1. Inverse analysis parameters.

Eco= 7.2
b so K1 =

(
P1
P2

)0.19

1.63
fcr = K1

P1 L
bh2

εcr =
fcr
Eco

K2 = 7.65 δ3
δ1
− 10.53

εtu = K2εcr

fFu = K3 fcr K3 = K−0.18
2

(
2.46 P3

P1
− 1.76

)
δ∗4 = K5δ4 K5 = 1 + 0.6

L d0
εto = K4εcr K4 = K−0.37

3 K0.88
2

(
3 δ∗4

δ3
− 1.8

)
wo=(εto − εtu +

10 fFu
3Eco

)1.5h
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