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Abstract. Architectural heritage nowadays includes concrete structures constructed in the 20"
century. These buildings are usually under-detailed, since the actual behavior of reinforced concrete
at the time of their construction was not clearly understood, whilst building codes incorporating
seismic resistance design, especially in seismic prone areas, did not exist. This inevitably led to
inefficient design and consequently to severe damages in many historic concrete buildings during
past seismic events. This paper explores the use of novel Engineered (Fiber Reinforced) Cementitious
Composites (ECCs), with strain hardening abilities in tension, for the repair and strengthening of old
sub-standard reinforced concrete columns, focusing on their confining and shear strengthening
potentials. The experimental results show that, when replacing the reinforcement cover with fiber
reinforced ECCs, the fibers bridge tensile cracks, limiting their opening and increasing their resistance
against volumetric expansion, ultimately leading to increased amounts of energy dissipation. ECCs
may thus by used in the repair of historic concrete structural elements.

Introduction

Historic Concrete Structures. Concrete structures constructed in the 20" century were usually
under-detailed due to their experimental nature, the lack of knowledge in reinforced concrete (RC)
mechanics at the time of their construction and the absence of building codes and standards for
seismic resistance design [1]. These, along with the poor quality of the materials used for the
construction of historic concrete structures, have led to severe damages or even to collapse during
past seismic events [2]. Local deficiencies that lead to brittle damages in historic concrete structures
are usually related to sparce stirrups, the lack of confinement in joint regions, low strength concrete
and steel, and insufficient lap splices [3]; corrosion of the reinforcement and other moisture related
processes also affect the durability of historic concrete structures [4]. At global level, soft stories are
one of the main problems historic modernist structures face, due to the low lateral stiffness of slim
members, resulting in high lateral sway imposed by earthquakes [5]. It is worth noting that early
concrete was prepared on site, in small quantities, and was cast without the use of compaction
equipment [6].

The preservation of historic concrete structures requires that no significant changes are implemented
during their retrofit, especially in terms of geometry of their structural elements. At the same time,
EC8-Part 3 [7], which is the normative document that describes the assessment and retrofit procedures
for substandard structures against seismic loading, excludes historic structures.

Engineered Cementitious Composites (ECCs). These novel materials introduce the use of short
randomly oriented plastic fibers in order to allocate strain hardening properties to the mix design in
tension. Furthermore, ECCs exclude the use of coarse aggregates, in order to minimize the possible
crack initiation areas, but may incorporate recycled waste materials, such as fly ash or silica fume, to
minimize CO> emissions, whilst at the same time increasing the strength and/or workability of the
end-product.

Even though most of the published research regarding ECCs refers to the use of the materials with
regards to the design of new structures, some preliminary research results suggest the use of ECCs as
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promising repair materials for historic concrete structures, due to their ability to trap interface cracks
and prevent spalling or delamination [8]. Initially, the use of ECCs for repair practices involved
research on overlays, usually bridge decks [9]. The results showed that existing substrate cracks were
arrested within the ECC material, allowing great deflections to occur by the opening of multiple
cracking with relatively small crack width. The proper amount of fibers to be incorporated in the mix
design should reflect each matrix, in order to achieve best performance and workability. Another
potential repair use of ECCs involves the application of an additional layer of the material at the
bottom of beams; bending tests carried out after this application showed failure of the compressive
zone after very high deflections, good bonding with the substrate, and no delamination under repeated
loading [10-13].

ECCs have also been developed for wet mix shotcreting [14] in small thicknesses of 45 mm on
vertical surfaces and 25 mm on the overhead; these have been successfully used for the repair of
beams that exhibited significant difference to their plain concrete counterparts. In that case, the plain
mix repaired beams failed suddenly, in contrast to the strain hardening cementitious composite
(SHCC) repaired beams that displayed multiple cracking, deflection hardening and energy
dissipation. Additionally, the use of a repair layer around beams was compared to the patch repair
method, for shear dominant members, indicating a substantial increase in strength and ductility of RC
beams after peak load [15].

For the case of existing damaged or pre-damaged RC columns, ECC jacketing appears to be a
suitable repair/retrofitting technique, especially in terms of shear [16—18] under reversed cyclic
loading. Gholampour et al. [19] studied the effectiveness of confinement of core samples repaired
with layers of ECC, whereby the core material had the same compressive strength with the ECC
material. The effectiveness of ECC repair jacketing in low strength concrete members, which is the
usual case in historic concrete structures, has nevertheless not been tested until now; therefore, more
research is needed for quantifying the effectiveness of this technique. In this framework, the relation
between the compressive strength of low strength historic concrete with ECC confinement and the
jacketed system’s final strength, in comparison to the properties of the jacket material and
dimensions, is hereby investigated.

Methodology

The retaining and repairing, rather than replacing, poses a challenge when historic reinforced concrete
elements are concerned. While in regions without earthquakes, preventive techniques (such as the use
of water-repellent materials, or the adoption of electrochemical methods, such as re-alkalization of
concrete, or cathodic protection of reinforcement [20]) may be adopted, in the case of structures
under-designed for lateral loads, more active measures have to be undertaken. This is especially true
in cases where, in addition to seismic actions, the building materials have been significantly
weathered. Furthermore, repair materials should have lower modulus of elasticity, compared to that
of the original concrete, in order to reduce the risk of damage to the latter (ACI Committee 546, 2006
[21]).

Historic concrete, in its earliest forms, was produced and designed by patented systems, such as
the Hennebique (1892) [22], which are now considered obsolete. Reproducing the same materials and
techniques is, thus, not an option, since both the raw material (cement, aggregates, steel) properties
and the structural members geometry and detailing have changed. In this case, the conservation
approach should aim at retreatability (i.e., the repair material should not preclude or impede further
treatment in the future) [23,24]. Retreatability replaces the previously used term reversibility, which
originated from art conservation and was deemed unsuitable for building conservation [24,25].

This research assesses the use of ECC jacketing on historic low strength concrete, through cover
replacement. Initially, a historic case study structure (Fig. 1) built in accordance with the Hennebique
patented system in Cyprus, with reinforced concrete structural members and load bearing masonry
walls, was investigated and assessed under seismic loading. The seismic assessment revealed the
structural deficiencies of the case study building structural members. The properties of the original
concrete material were then used to define a new, equivalent low strength concrete to be subjected to
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repair. An ECC material was prepared by testing Polyethylene (PE) fibers of different lengths and
surface characteristics; this was used for the repair jacketing of the low strength concrete. The
experimental program consisted of a series of tests (compression, tension, split, bending) for the
characterization of the materials designed and produced in the lab, and two types of repaired cores
under compression, one to define the confinement effect of the jacket and the second to determine
the axial load of the final retrofit practice.

Figure 1: Aerial photo of the case study building.

In-situ investigations. An extended in-situ investigation was performed, aiming initially at the
verification of the geometry of the structural members. Since only some of the original construction
detailing drawings were found, comprising mainly the slab reinforcement, a rebar detector
(PROCEQ) was used to (i) verify the slab reinforcement in relation to the original drawings, and (i)
detect the steel reinforcement, rebar cover and diameter in the beams and columns. The detection of
the reinforcement position was also used to determine the locations for the non-destructive rebound
tests (EN 12504-2) and the possible positions for core sampling of concrete (EN 12504-1) [26]. The
number of core samples had to be limited, due to the fact that the building is listed. For this reason,
core samples were taken only from a column, a single location at the basement ceiling slab and
another location at the ground floor roof slab (Fig. 2).

- \ e 9
Figure 2: Left: Core sample taken from basement ceiling slab with reinforcement embedded in it. Middle: Core sample
taken from column. Right: Location of core sampling from column.

The cover to the reinforcement was established both by the use of the PROCEQ rebar detector and
from one of the samples taken from the slab that cut through a steel rebar (Fig. 2), as well as from in-
situ observations of the columns that suffered from cover delamination and the reinforcement was
thus visible. The concrete cover of the longitudinal bars was in the order of 20 mm. The longitudinal
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reinforcement of the columns, based on the exposed element (Fig. 3) and on a series of measurements
with the rebar detector was found to be in the order of 5/8” (15.875 mm), since inches were used at
that time for bar sizing, while no stirrups were used to confine the longitudinal bars (besides some
thin wires to hold them in place during casting). This is in agreement with detailing plans found in
the literature [27].

o]
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Figure 3: Cover delamination and rebar corrosion on exposed column.

Laboratory investigations. The following tests were carried out in the lab on the concrete specimens
collected in-situ: (a) dry mass, density and porosity, by vacuum assisted water absorption, and (b)
uniaxial compression (EN 12390-3 [28]) (Fig. 4). The samples showed low variability in the test
results, even though concrete at the time the building was constructed was manually mixed on site in
small batches. The average apparent density was found to be 2192 kg/m?, while the open porosity
was 18.3%. The average compressive strength was 15.21 MPa, resulting from samples with aspect
ratio 1:1 (i.e., equivalent to mean cube strength), with the lower value of 13.92 MPa obtained from
the roof slab, and the maximum of 17.11 MPa obtained from the column sample. The maximum
(natural) aggregate size from the samples tested was recorded as 52 mm, though most samples
included aggregates of much smaller diameter. Visually, the mix design showed no apparent voids or
cracks, even though at the time there were no mechanical means for concrete compaction.

= 1‘# SR
Figure 4: Tests on concrete. Left: Specimens for porosity measurement in the vacuum vessel. Middle: Testing apparatus
for concrete compression. Right: Failure of concrete specimen in compression.

The concrete properties and detailing, the raw materials and the mix design are not in agreement
with today’s practice included in Design Codes: the diameter and shape of the natural aggregates, the
low strength of the cement used at the time, the mild steel rebars without ribs, the lack of stirrups and
the small dimensions of the cross-section are all against current seismic design provisions and
concrete standards. These render any attempts to reproduce exactly the original concrete material and
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members not feasible. Furthermore, the structural assessment of the existing column members
showed that, in the event of an earthquake, these will fail in a brittle shear manner, compromising the
stability of the porches they support.

Materials Used for the Experimental Investigation of the Repair Jacketing

Design of reference low-strength concrete (LSC). Even though reproducing exactly the same
concrete mixture as the original one was not feasible, due to the different properties of the raw
materials available today, a mix design (LSC) with similar compressive strength and density to the
original concrete found in the structure under study was prepared: i.e., target cube compressive
strength 15 MPa and target density p=2192 kg/m>. This ensured the “compatibility” of the two
mixtures. To achieve this, EN 1766 [29] was used, along with the American Concrete Institute (ACI)
mix design proportioning method [30]. According to EN 1766, Concrete Type MC (0.9) was chosen,
with a mean compressive strength at 28 days of 15+5 MPa for cubes and 12+5 MPa for cylinders.
This mix should contain 195 kg/m? of cement, 10 mm maximum aggregate size and a water:cement
ratio of 0.9+0.05. The mix proportions for the sand and coarse aggregate were calculated with the
ACI method, but the cement (Ordinary Portland Cement, OPC 32.5) to sand ratio was set at 1:3, in
order to replicate the mix proportioning used at the time of the construction of the case study building,
that varied between 1:2:4 to 1:3:6 (cement:sand:coarse aggregate) [6]. The final mix proportions are
summarized in Table 1.

Table 1:Mix designs for Low Strength Concrete (LSC) and ECC repair material

Sample | Cement | Water | Coarse aggregates | Sand A | Sand B | Silica fume | Fibers
LSC 1 0.9 7.75 1.55 1.55 - -
ECC 1 0.375 - 0.395 0.083 2%

Repair material. A type of Strain Hardening Fiber Reinforced Cementitious Composite (SHFRCC)
or ECC was chosen to be used as repair material for the historic case study building concrete columns
that show cover delamination, corrosion of reinforcement and lack of stirrups/confinement. ECCs
have the ability to arrest cracking through the action of the fibers bridging the cracks. High Tenacity
Polyethylene (PE) fibers of 12 mm length were used; these were provided coated by the supplier. The
length and surface characteristics of the fibers play an important role in the tensile strength, crack-
bridging effect and ductility in tension of the end-composite [31]. PE fibers have a hydrophobic
surface, thus a very low bond strength is exerted between the fiber and the surrounding matrix. In this
case, pullout may lead to strain softening effects. In order to increase the bond, the provider of the
fibers adopted in this study used a proprietary coating. The peak strain of the 12 mm High Tenacity
Polyethylene fibers hereby used is 2.6%; their density and diameter are 970 kg/m* and 17.9 pm,
respectively, their breaking strength is at 3000 MPa and their modulus of elasticity is 114 GPa.

Besides the fibers, the ECC mix design consisted of Ordinary Portland Cement (OPC) 52.5, silica
sand with maximum grain size of 300 um, and silica fume. The silica fume Grade 920 was provided
by ELKEM Microsilica Cyprus. Silica fume is a recovered mineral component (RMC), the use of
which has a high sustainability impact [32]. It can fill the gaps between cement grains and give
mobility to the mix by allowing concrete to flow more easily when energy is applied to it, thus
reducing segregation [33]. Furthermore, since silica fume has pozzolanic properties, it increases the
strength and reduces the permeability of the final product [34]. The ECC mix design is shown in
Table 1. PE fibers were added at a quantity of 2% by volume. The mixing order was as follows: (i)
The dry materials (sand, silica fume, cement) were mixed together for more than 10 min, (i1) 90% of
the water was added to the mix, which achieved self-compacting properties, (iii) fibers were added
slowly to the mix in order to achieve proper dispersion, (iv) the rest of the water was added, along
with a High Range Water Reducer (HRWR).
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Mixing, Casting and Preparation of Specimens

The technique of replacing the cover of low strength reinforced concrete members with ECC
materials has not yet been studied extensively, and the effectiveness of the confinement provided by
the ECC has not yet been quantified. Another gap in the literature is the estimation of the final
compressive strength of the jacketed member, which is related to the increase of the capacity of the
original low strength concrete due to the confinement effect. In order to explore this subject, small
cylindrical specimens of 100 mm diameter were prepared, confined with 25 mm cover of the ECC
material (Table 2). The specimens were tested under uniaxial compression. Two sets of experiments
were performed (Fig. 5): (a) one with compression only on the internal diameter low strength concrete
core, to assist in defining the new confined strength and confinement provided by the ECC, and (b)
one on the full final cross section of the jacketed cylinder. Low strength concrete specimens of the
same size were used as reference. Three specimens were tested for each type of setup.

Table 2. Specimen dimensions before and after jacketing. Samples C-100/150 refer to the as cast non-repaired
(reference) concrete samples, while samples R-C-100/150 refer to the repaired cylinders with final diameter of 100/150
mm; COMP. D, refers to compression applied only to the internal core, while COMP. D, refers to the samples where

the load was applied to the full cross section of the member; D is the diameter and H is the height of the specimens
before and after the repair

Sample Type of Material | Dim. before repair | Repair | Dim. after repair
loading D (mm) | H (mm) D (mm) | H (mm)
C-100 COMP. D, C12 100 200 - - -
C-150 COMP. Dol Cl12 150 300 - - -
R-C-100 | COMP.D, | CI12/FRC 100 200 YES 150 200
R-C-150 | COMP. D¢oi | C12/FRC 100 300 YES 150 300

300 mm

k D =150 mm D =150 mm
i col col

Figure 5: Left: Photo of a low strength concrete core confined with ECC. Middle: Setup A for confinement. Right: Setup
B for jacketed member compressive strength.

In order to prepare the specimens, the low strength parts were first prepared with the use of
cylindrical molds. After casting, the specimens were left to dry for 24 hours and they were then placed
in a sealed container, covered with a wet burlap. One week later, the low strength cylinders were
placed in the bigger diameter molds and the ECC was cast around them; compaction of the ECC was
carried out with the use of a rebar. As with the original cylinders, 24 hours after casting, the new
specimens were wrapped in wet burlap and placed in a sealed container until the repair material
reached a curing age of 28 days.
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Experimental Results and Discussion

Part A: Tests for the characterization of the materials

A.1 Low strength concrete. Tests were conducted on the LSC in order to acquire the compressive
strength and indirect tensile strength of the material. The compressive strength and strain at maximum
compressive stress, the split cylinder tensile strength, and the flexural strength under four-point
bending are recorded in Table 3, together with the average values and standard deviations of the
results. The stress-strain, both axial and lateral, under uniaxial compression, and the failure patterns
are depicted in Fig. 6.

Table 3. Strength of LSC under compression (C), split (S) and flexure (B) tests

Specimen femax (MPa) €o Specimen ft,sp (MPa) | Specimen fﬂ (MPa)
L1-C1 9.69 0.00445 | L1-S1 1.195 L1-B1 2.101
L1-C2 9.32 0.00749 | LI1-S2 1.437 L1-B2 2.349
L1-C3 11.64 0.00460 | L1-S3 1.569 L1-B3 2.200

Average 10.22 0.0055 1.40 2.22

Stand. Dev. 1.64 0.0020 0.09 0.11
10
L1-CL1
L1-CL2

= = =11-CL3

Stress fc (MPa)

-0.03 -0.02

Lateral Strain g,; (mm/mm)

-0.01 0 0.01

Axial Strain £,, (mm/mm)

Figure 6: Top: Compressive stress-axial strain-lateral strain of LSC specimens. Bottom: Failure patte
uniaxial compression (left), split cylinder (middle) and four-point bending (right) tests.

R

ns under

A.2 ECC jacket for repair. For the characterization of the behavior of the ECC jacket material,
uniaxial compression, tension, split cylinder and four-point bending tests were performed, resulting
in the stress-strain curves of Fig. 7. The ECC material exhibited strain hardening behavior, with an
ultimate tensile strain prior to crack localization in the order of 1%. The uniaxial tensile stress
obtained was ca. 2.5 MPa. The strain hardening behavior was extrapolated to the indirect tensile tests
of split cylinder and four-point bending that also exhibited multiple cracking, large deformation
capacity, increase of strength after first cracking and high energy dissipation. Additionally, in the
uniaxial compression tests, failure was delayed with a shift of strain at peak load, and low lateral
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deformations, due to the confinement action of the fibers bridging vertical cracks; this is typical of
strain hardening fiber reinforced cementitious composites [35].
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Figure 7: Top row: Compressive stress-axial strain-lateral strain (left) and uniaxial tension stress-strain curve (right)
of ECC specimens. Middle row: Split cylinder stress-horizontal strain (left) and four-point bending stress-load point
deflection (right) of ECC specimens. Bottom row. Failure patterns of ECC specimens.

Part B: Evaluation of the effect of confinement on the compressive strength of historic concrete
The confinement effectiveness on the compressive strength of the LSC was verified by comparing
the results of similar cylindrical specimens (100x200 mm), with and without confinement, as shown
in Fig. 8. The confined LSC compressive strength (f.c) was double the relevant unconfined
compressive strength (fc) due to the restriction in lateral expansion provided by the ECC material.
The strength of the confined concrete was calculated using the lateral stress (c1at), based on the Richart
model for confined concrete [36]. The lateral stress imparted by the ECC, o1a, 1s related to the tensile
split first cracking strength, fisp.y, and the cover to internal core ratio, c/do:

fee =fc +4.1" Olat. (1)
Glat.=2 ft,sp,y : (C/do) (2)
where 012t.=2.26 MPa, £=10.22 MPa, {..=19.49 MPa.

Therefore, the confined concrete strength may be calculated by Eq. 3:
foe =fc + 8.2 figpy - (c/do) 3)
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Figure 8: Compressive stress-axial strain-lateral stmm of LSC confined with ECC (lef /) and fallure patterns (right).

Part C: Evaluation of the compressive strength of jacketed historic concrete columns
Cylinders measuring 150x300 mm, consisting of an internal core of LSC with dimensions 100x300
mm and 25 mm ECC cover, were tested under displacement-controlled compression, with the load
applied on the entire cross section. The compressive strengths of the confined specimens (feojac) were
equal to 3 times that of identical 150x300 mm cylinders of LSC (f;). The stress-axial strain-lateral
strain of the members is recorded in Fig. 9. The average values of compressive strength from the tests
were used to calibrate an equation that can be used to compute the compressive strength of the ECC
jacketed LSC members. The analysis used equilibrium of forces, as well as Eq. 3 for the confined
LSC core strength (fcc).

Nj =Acov ﬁ:,ecc + Aofcc = (Acol - Ao)ﬁ:,ecc + Aofcc = (Dcol g) 'fc,ecc + %Dg ' fcc 4)

frotjae = (fi + 8.2 (¥) . ft,sp,y) . ( Do )z Fooee (1 (L )z) (5)

Decoi Decot

Where N; is the ultimate axial load obtained during the test, Acov is the area of the ECC
confinement, fc ecc is the compressive strength of the repair material, A, is the area of the internal LSC
core, fcc 1s the strength of the confined LSC core, Acor is the total area of the member’s cross section,
Dcor is the total diameter of the member’s cross section, D, is the internal diameter of the LSC.

As seen in Eq. 4 and 5, the compressive strength of the jacketed column is related to (a) the split
tensile strength at the initiation of cracking, fispy, and the compressive strength, fcccc, of the ECC
repair material, and (b) the ratio between the internal diameter and the jacketed column total diameter,
Do/Decol.

—L1-Cl1
L1-CL2 35
—L1-CL3
RF1-CCL1
——RF1-CCL2
—RF1-CCL3

Stress fc (MPa)

-0.03 -0.02 -0.01 0 0.01
Axial Strain g, (mm/mm

Lateral Strain g, (mm/mm)

Figure 9: Compressive stress-axial strain-lateral strain of jacketed LSC member with 25 mm ECC (left) and failure
patterns of LSC (middle) and jacketed (right) members.

Design of the jacket repair

The design of the repair of LSC members using ECC jacketing may benefit from the use of diagrams
that relate the original member’s compressive strength, the ratio of the jacket thickness to the jacketed
column’s final diameter and the resulting/required compressive strength of the repaired member.
These three parameters may be plotted in diagrams for different LSC compressive strengths, as shown



Key Engineering Materials Vol. 919 117

in Fig. 10 for the specific repair ECC material. The equation relating these properties is extrapolated
by Eq. 6:

2
Do Do
fcol,jac = feecc T 4.1 'ft,sp,y ) (_) + (fc — feece =41+ ft,sp,y) ' (_) (6)
Dcot Dcot

45

f, (MPa

10
40

125

15

35
= 17.5

s 20

§: 30
E
B
25
20
15
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

Do/DcoI,jac

Figure 10: Simple diagrams for the calculation of the necessary Do/Dcoljac ratio in relation to the required compressive
strength of the repaired concrete (feoijac) and the compressive strength of the original concrete (fo).

Conclusions

Historic concrete structures are prone to deterioration and damage due to their intrinsic
characteristics, which relate to the properties of the raw materials, the geometry of the members and
the detailing of the reinforcement. Restrictions on the possible retrofit solutions require that the
structural members’ dimensions, and thus the original architectural form, should not be altered, while
safety provisions, especially under seismic loading, require drastic increase in strength and ductility.
This paper explored the effect of jacketing low strength historic concrete, by replacing the concrete
cover with strain hardening fiber reinforced cementitious composites. This strengthening practice for
low strength historic concrete appears to result in very effective confinement, even with small covers.
The confinement effect, according to the experimental results, is related to the split tensile strength
of the ECC material. Additionally, the compressive strength of the jacketed member is related to the
properties of the ECC in tension and compression, and to the Do/Dcol jac ratio. Finally, simple equations
and diagrams have been provided to enable the design for the retrofit of low strength historic concrete
with ECC jacketing.
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