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Abstract: This study investigates the behavior under axial loading of low-strength concrete under a composite
confinement layer consisting of fiber-reinforced high-strength mortar and a reinforcement mesh (geogrid).
Within the scope of the experimental program, low-strength (10-15 MPa) cylindrical concrete specimens with
dimensions of 150x300 mm were confined using high-strength mortar containing 2% steel or polypropylene
fibers and geogrids with varying numbers of layers. Axial compression tests were conducted at the Mersin
University laboratory using a 3000 kN capacity computer-controlled concrete testing machine, and the data were
recorded using a TDS-530 data acquisition unit. To ensure that the confinement layer provided only a passive
confinement effect, an axial load was applied directly to the core concrete using specialized steel plates. The
critical parameters investigated included the thickness of the high-strength mortar (15 and 25 mm), fiber type,
reinforcement mesh type, and number of layers. The effects of these parameters on the axial strength, energy
dissipation capacity, and lateral deformations were systematically evaluated. The results demonstrated that the
proposed confinement technique significantly enhanced the strength and deformation capacity (ductility) of low-
strength concrete. It was determined that a thicker mortar layer (25 mm) primarily increased the strength,
whereas an increased number of reinforcement mesh layers contributed more significantly to the ductility.
Furthermore, the findings revealed that the use of polypropylene fibers generally yielded better results in terms
of strength and ductility than steel fibers and effectively limited the crack widths.

Keywords: Strengthening, Confinement, Concrete, Axial load behavior, Fiber-reinforced, Mesh
reinforcement.

Yiiksek Dayammmh Kompozit Tabakayla Sargilanan
Diisiik Dayanimh Betonun Eksenel Yiik Altindaki Davranisi

Ozet: Bu calisma, diisik dayammli betonun eksenel yiik davranisim; lif takviyeli yiiksek dayanimli harg ve
donati ag1 (geogrid) iceren kompozit bir sargilama tabakasi altinda incelemektedir. Deneysel program
kapsaminda, 150x300 mm boyutlarindaki diigiik dayanimli (10-15 MPa) silindirik beton numuneler; %2
oraninda ¢elik veya polipropilen lif igeren yiiksek dayanimli har¢ ve farkli katman sayilarindaki geogridler ile
sargilanmigtir. Eksenel basing testleri, Mersin Universitesi laboratuvarinda 3000 kN kapasiteli bilgisayar
kontrollii beton presi altinda, TDS-530 veri toplama {initesi kullanilarak gerceklestirilmistir. Sargi tabakasinin
sadece pasif ¢evreleme etkisi olusturmasi igin yiik, 6zel celik plakalar araciligiyla dogrudan g¢ekirdek betona
uygulanmustir. Incelenen kritik parametreler arasinda yiiksek dayammli har¢ kahinhgi (15 mm ve 25 mm),
kullanilan 1if tiirii, donat1 ag1 tiiri ve katman sayist bulunmaktadir. Bu parametrelerin eksenel dayanim, enerji
soniimleme kapasitesi ve yanal deformasyonlar {izerindeki etkileri sistematik olarak degerlendirilmistir.
Sonuglar, onerilen sargilama tekniginin diisiik dayanmimli betonun hem dayanimim hem de sekil degistirme
kapasitesini (stinekligini) 6nemli dl¢lide artirdigint géstermistir. Kalin harg tabakasinin (25 mm) 6ncelikli olarak
dayanimi yiikselttigi, artan donati ag1 katman sayisinin ise siineklige daha fazla katki sagladig: belirlenmistir.
Ayrica, polipropilen lif kullaniminin dayanim ve siineklik agisindan ¢ogunlukla c¢elik life gore daha iyi sonuglar
verdigi ve ¢atlak genisliklerini sinirladig1 gozlenmistir.
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1. Introduction

In the highly active seismic zones throughout the world, there exists a substantial building
stock characterized by significant deficiencies and irregularities stemming from design, construction,
and in-service usage (Uziimeri et al., 1999; Ersoy & Ozcebe, 2000; Ozcebe et al., 2004; Ersoy, 2009).
A considerable portion of these structures lack adequate supervision during construction.
Consequently, these buildings often exhibit insufficient strengths and ductilities. Currently, most
existing reinforced concrete structures contain concrete with compressive strengths typically ranging
from 8 to 16 MPa, which falls short of fulfilling the requirements stipulated by contemporary seismic
codes (Arslan & Korkmaz, 2007). This underscores the presence of numerous existing structures
across the country that possess inadequate resistance to seismic events. Addressing this critical issue
primarily involves the demolition and subsequent reconstruction of seismically vulnerable structures
(Giindogay, 2022). However, seismic rehabilitation becomes a more convenient solution when long-
term disuse of the structure cannot be tolerated or the costs of seismic rehabilitation are much lower.
The seismic rehabilitation of structures against earthquake effects can be at the level of system
improvement and/or element strengthening, depending on the results of performance analyses.
Element strengthening can be applied to various structural components (columns, beams, shear walls,
beam-column joints, etc.) to resist different force conditions (axial, shear, flexural, or torsional) based
on the specific needs of the structure. Column jacketing is one such element strengthening method for
improving the axial response of columns. The selection of the technique for column jacketing largely
depends on the choice of material used for strengthening the column. In the past, reinforced concrete
jacketing was a widely preferred technique, primarily because of its cost-effectiveness and the greater
experience of strengthening firms with concrete-based solutions.

In contrast, the fiber-reinforced polymer (FRP) strengthening technique, offered as an
alternative to column jacketing, is considered relatively new compared to other strengthening methods.
Synthetic fiber-reinforced polymer (FRP) composites, which include organic epoxy resins as the
matrix material, exhibit superior mechanical properties, rendering them highly effective and user-
friendly in contemporary construction applications. Their utility extends to the seismic rehabilitation
of existing deficient structural elements and their integration into novel structural designs. A
prominent application of these advanced composites in the retrofitting of substandard buildings
involves the confinement of columns to augment their axial performance characteristics (Mirmiran &
Shahawy, 1997; Lam & Teng, 2003; Berthet et al., 2005; Mandal et al., 2005; Lam et al., 2006;
Ozbakkaloglu & Oechlers, 2008; Ozcan et al., 2010; Ozbakkaloglu & Akin, 2012; Wei & Wu, 2012;
Carrillo & Valencia-Mina, 2020; Glindogay, 2024). Nevertheless, a notable drawback associated with
FRPs is the substantial energy consumption and concomitant carbon dioxide emissions during their
manufacturing processes, which contribute to significant environmental concerns (Ku & Wang, 2011).
In addition to their relatively high cost, the deterioration of mechanical properties under high
temperature, irreversibility, and toxicity lead to additional disadvantages. To overcome these
deficiencies, new column confinement methods have emerged that are based on the use of thin
inorganic cement-based matrices and high-strength fibers in the form of mesh fabrics (i.e., fiber-
reinforced cementitious matrix, FRCM). Although an enhancement in the axial response can be
achieved using this method, most studies have reported that this enhancement lags behind the
improvement in the axial load behavior supplied by FRP confinement (Trapko, 2013; Colajanni et al.,
2014; Cascardi et al., 2017; Ombres & Mazzuca, 2017).In the last decade, the confinement of concrete
using high-performance mortar or concrete, including short fibers, has emerged as an alternative to
FRP or FRCM confinement. The thickness applied in this method (1540 mm) is larger than that in
the FRCM method. Few studies in the literature have concluded that the ultimate compressive strength
and strain capacity can be enhanced by the applied confinement (Tian et al., 2020; Zeng & Long,
2022).

This study aimed to investigate the improvement in the axial load behavior of low-strength
concrete through confinement with a composite layer. This composite layer is specifically reinforced
with a relatively thick high-strength fiber-reinforced concrete (FRC) and polyester-based mesh
reinforcement. The parameters under investigation included the thickness of the high-strength concrete
layer, type of fiber incorporated within this layer, and both the number of layers and position of the
mesh reinforcement. The primary objectives of this study were to determine the contributions of
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various arrangements of fiber-reinforced high-strength concrete and mesh reinforcement in enhancing
the behavior under axial loading of concrete and to comparatively analyze the changes induced by
these individual parameters on the behavior under axial loading. For this purpose, key performance
indicators, such as axial strength, ductility, and lateral deformation characteristics, were evaluated to
characterize the behavior under axial loading.

2. Experimental Program
2.1. Materials

In this study, two distinct types of polyester-based uniaxial geogrid mesh reinforcements were
utilized within the confinement layer. These geogrids, knitted from high-tenacity polyester yarns,
feature a manufacturer-specified ultimate tensile strength of 150 kN/m. To enhance durability against
environmental factors, particularly the alkaline media of the concrete and temperature fluctuations, the
second group of geogrids was treated with a protective polymeric coating. Beyond the coating, these
geogrids exhibit dimensional variations: the uncoated type has 25 mm x 30 mm apertures with rib
thicknesses of 10 mm and 5 mm, whereas the coated type features 20 mm x 20 mm apertures with rib
thicknesses of 5 mm and 3 mm.

Regarding fiber reinforcement, micro straight steel fibers and fibrillated polypropylene fibers
were incorporated into the high-strength mortar mixtures. Both fiber types were added at an equal
weight-based dosage. However, it is explicitly acknowledged that due to the significant density
disparity between the materials (7850 kg/m’ for steel vs. 910 kg/m® for polypropylene), this constant
weight dosage results in substantially different fiber volume fractions (V¢). Additionally, two different
types of fibers, steel and polypropylene, were incorporated into the high-strength concrete layer,
mixed at 2% by weight. Consequently, the comparative performance of these fibers should be
interpreted as an evaluation at a constant weight-based dosage rather than a direct comparison at equal
volumes. The comprehensive physical and mechanical properties of all reinforcement materials are
summarized in Table 1.

Table 1. Physical and mechanical properties of the reinforcement materials

;};ﬂigﬁl Material Detail Density (kg/m®) Tensile Dimensions / Fiber
Strength Aperture (mm) Content
Fibers Steel Fiber 7850 >2000 MPa 1:13,d:0.2 2.0%
Polypropylene Fiber 910 400-600 MPa  1:12, d:0.05 2.0%
Geogrids Uncoated Geogrid - 150 kN/m 25x30 (Rib:10x5) -
Coated Geogrid - 150 kN/m 20x20 (Rib: 5x3) -

To accurately capture the deformation characteristics of the specimens, axial and lateral strain
developments were meticulously monitored using high-precision electrical resistance strain gauges.
These gauges were specifically engineered for cementitious materials, featuring a longer base to
account for the heterogeneous nature of concrete and mortar. Prior to the installation, the application
surfaces were carefully prepared by grinding and cleaning to ensure a monolithic bond between the
gauge and the confinement layer. The gauges were positioned at the mid-height of the cylinders to
mitigate the influence of end-restraint effects. All strain data, alongside the axial load, were
synchronized and recorded at a constant frequency using a high-speed TDS-530 data acquisition
system, ensuring a continuous capture of the stress-strain relationship until the post-peak failure stage.
The detailed technical specifications, including the gauge factor, resistance, and dimensions of the
strain gauges, are summarized in Table 2.

2.2. Test specimens
A total number of 19 low-strength concrete cylinders having a diameter of 150 mm and a
height of 300 mm were prepared and tested under monotonic axial compression. The specimens were

prepared using mix proportions typical of poor concrete, aiming to represent the concrete of
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substandard buildings (Table 3). The curing period was 28 days. One reference specimen was a bare
concrete cylinder, whereas the other specimens were strengthened by wrapping them with high-
strength composite layers.

Table 2. Technical properties of strain gauge

Type of Strain Gauge  PL-60-11-3LJC-F Lot No P217712
Gauge Length 60 mm Quantity 10

Gauge Factor 2.1+1% Test Condition 23°C 50%RH
Gauge Resistance 120+0.5 12 Batch No WC29U
Lead Wires 10/0.12 2W 3m r=0.32({1/m)

Table 3. Concrete mix proportions

Type of Concrete Mass Ratios (%)
Fine Coarse Cement Water Fiber  Superplasticizer  Total
aggregate aggregate
Low-Strength ~ Core 19 58 12 11 - - 100
Concrete
High-Strength 34 36 20 75 2 0.5 100
Concrete

Two thicknesses (15 and 25 mm) were used for the high-strength concrete layer. The target
strength for the high-strength concrete with the mix proportions shown in Table 3 was aimed as 50-55
MPa. The resulting average 28-day compressive strength of the high-strength concrete was 51 MPa.

For the strengthening process, cylindrical molds were placed around pre-prepared low-strength
core concrete to achieve the desired layer thickness. The mesh reinforcement, shaped into cylinders,
was positioned at two different locations with varying numbers of layers according to the experimental
design. Following the placement of the mesh reinforcement, fiber-reinforced high-strength concrete
was cast into the annular space between the low-strength core and outer mold. To ensure proper
consolidation and eliminate voids, rodding and a vibration table were employed during the casting
process. All specimens were demolded at the joints one day after casting. Subsequently, the specimens
strengthened with fiber-reinforced high-strength concrete were submerged in a curing tank for 28 days
to achieve their design strength. Figure 1 illustrates the sequential strengthening stages performed
using high-strength concrete.

Both ends of the cylindrical specimens were capped using a high-strength repair mortar with a
specified 28-day compressive strength of 60 MPa. The aim of capping was to provide flat surfaces to
enable uniform axial load distribution during the tests. After the capping of the specimens was
completed, the attachment of strain gauges, which are part of the test setup to measure lateral strains,
began one day before the compression test was conducted. Two lateral strain gauges were used on
each specimen strengthened with a high-strength composite layer. The strain gauges on the cylindrical
specimens were positioned 180° apart from each other. Care was also taken to vertically center the
strain gauges. After determining the location of the strain gauge, the area of the surface was cleaned
with pure alcohol to remove dust and create a smooth surface. Super glue was applied to the surface of
the strain gauge that would contact the specimen, and it was affixed to the designated location (Figure
2).

2.3. Specimen designation

The reference is designated as "REF". In the confined specimen designations, "T" represents
the thickness of the confinement layer, followed by a specific thickness value. Two different thickness
values were used: 15 and 25 mm. Next, the type of fiber within the high-strength concrete is indicated
by "D" for steel fiber or "F" for polypropylene fiber. Subsequently, "G" denotes whether an additional
mesh reinforcement is present. The number “2” follows this if there are two layers of mesh
reinforcement. If a single layer of mesh reinforcement is used, no number is added after the mesh
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reinforcement designation. The final part indicates the position of the mesh reinforcement within the
confining layer: "M" for the middle and "E" for the end, where it interfaces with the core concrete. For
example, "T25D-G2M" describes a specimen confined with a composite layer of high-strength
concrete containing steel fibers with a thickness of 25 mm, reinforced with two layers of mesh
reinforcement located in the middle of this thickness. The details and designations of the specimens
are presented in Table 4.

Figure 2. The strain gauge attached to the specimen

377



YYU JINAS 31:373-392
Utma et al Behavior of Low-Strength Concrete Confined by High-Strength Composite Layer under Axial Loading

Table 4. Details of the specimens

Layer thickness Position and number of mesh
Group Type of fiber .
(mm) reinforcement layers
REF - - -
T15D-GM 15 Steel Single layer in the middle
T15F-GM Polypropylene Single layer in the middle
T25D Steel -
T25F Polypropylene -
T25D-GM Steel Single layer in the middle
25
T25F-GM Polypropylene Single layer in the middle
T25F-G2M Polypropylene Two layers in the middle
. . . b
T25F-GMGE Polypropylene Single layer in the middle + single layer

at the end

2.4. Test setup and instrumentation

The experiments were conducted at the Mersin University Civil Engineering Laboratory using
a 3000 kN capacity standard concrete compression testing machine. Monotonic axial loading was
applied to each specimen. During the tests of the wrapped specimens, a 10 mm thick circular steel
plate made of high-strength oven-baked steel with the same diameter as the core concrete was placed
between the top surface of the test machine and the specimen. In the experiments, this plate was
positioned directly over the core concrete to ensure that the axial load was applied only to the core
concrete. This procedure was carried out based on the assumption that in the confinement practice, no
axial load would be transferred to the confining layer, and only radial stresses from the expanding
concrete would be present in the confinement. During the tests, the vertical (axial) displacements were
measured using three potentiometers with a 100 mm range. The data from the potentiometers were
acquired and recorded using a data acquisition system (DAS) during the test. A cable connected to the
press of the compression testing machine enabled the real-time acquisition of the applied load. In
addition, the lateral strains on the confining layer were measured using two strain gauges with a
capacity of 60 mm. Axial compression loads were applied to all specimens at a rate of 4 kN/s for the
entire test duration. Figure 3 shows the axial compression test setup.

3. Test Results
3.1. Failure modes

The typical failure modes of the confined concrete specimens after testing are shown in Figure
4. During the tests, the specimens generally did not exhibit brittle behavior, and cracks remained at the
capillary level until they approached compressive strength. In some specimens, the crack widths did
not increase significantly even after reaching the peak strength. However, the tests were concluded
because of widening cracks at more advanced stages under increasing vertical displacements. Upon
examining the specimens after the tests, it was generally observed that the crack widths formed near
the top and bottom platen regions were greater than those in the middle section (Figure 4).

Specimens T25F-GM and T25F-GMGE completed the compression test, forming only
capillary cracks. Generally, the number of cracks in the 25 mm thick specimens (typically a single
notable crack) was slightly less than that in the 15 mm thick specimens. Similarly, it can generally be
observed that the post-test damage in the specimens containing polypropylene fibers within the high-
strength concrete layer was less compared to those containing steel fibers (Figure 4).
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Figure 3. The axial compression test setup
3.2. Axial stress-strain response

The axial compressive stresses and strains were calculated from the experimental load and
displacement data using Eq. (1) and Eq. (2), respectively. For each sample, an axial stress-strain graph
was plotted, and the average compressive strength and post-elastic deformation capacity were
calculated.

g=PJ/A (1)
g = (AD)/I 2)

In these equations, ¢ is the axial compressive stress, € is the axial strain, P is the applied
compressive load, A is the cross-sectional area of the confined core concrete, Al is the axial
displacement (i.e., shortening), and 1 is the initial height of the specimens (i.e., 300 mm). The ultimate
compressive strength of the specimens was determined for the reference (f.,) and confined specimens
(fec) and presented in Table 4. The ultimate values of all specimens (g.,) are also listed in the same
table to provide insight into their deformability. Additionally, the energy dissipation capacities of the
specimens (Egis) were obtained as the area under the c-¢ curves up to the failure point of the
specimens (i.e., the modulus of toughness) and are presented in Table 4.

The average and maximum values of the strength increments in each group with
respect to the reference specimen (fcc/feo) are listed in Table 4. In addition, the average and
maximum increases in the energy dissipation capacity of the confined specimens (Ediss,cont.) in
each group with respect to the reference (Edisser) are presented in this table (Ediss.cont./Ediss ref.)-
In the evaluations of each test group, the maximum increment was highlighted only if the
difference between the average and maximum values of strength and energy dissipation was
significant for the individual specimens of the test group. Otherwise (when the average and
maximum values were close), the evaluation was based solely on the average value.

The stress—strain diagrams of the T15D-GM specimens confined by a single mesh
reinforcement layer within a 15 mm thick mortar containing steel fibers are presented in Figure 5. a.
On average, the two T15D-GM specimens achieved a compressive strength of 15.45 MPa, improving
the reference strength by an average factor of 1.17. Notably, specimen T15D-GM-1 exhibited a
significantly higher strength of 20.32 MPa, representing a 1.53-fold increase over the reference. In
terms of energy dissipation capacity, the T15D-GM group specimens collectively showed an average
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2.52-fold enhancement relative to the reference. The highest Egiss increase within this group, reaching
3.54-fold, was attributable to the specimen T15D-GM-1 (Table 5).

\
PEFFRAM ¢ |

-

\

T25D-GmM

T2SF-Gam

Vl—lsF_(jl"\‘\ .

T25F-GQINGE

Figure 4. The failure modes of the specimens in different test groups

The average compressive strength of the specimens in the T15D-GM group was 15.46 MPa,
representing a 1.17-fold increase over the reference specimen (Table 5). Additionally, the average
energy dissipation enhancement ratio (Edissicont/Edissrer) Was calculated as 2.52. The compressive
strength of specimen T15D-GM-2 was lower than expected and even lower than the reference value.
This may be partly attributed to local damage sustained during the demolding process. Despite being
restored with high-strength structural repair mortar, this specimen was retained in the experimental
program to evaluate the influence of such localized defects on the overall confinement performance
and to provide a comprehensive comparative analysis.

The average compressive strength of all three specimens in the TISF-GM group was 15.93
MPa, indicating an average 1.2-fold increase compared to the reference specimen (Table 5). The
average enhancement ratio in the energy dissipation capacity (Edissicont/Edissrer) Was calculated as 2.04.
The specimen group, consisting of a 15 mm thick high-strength concrete layer reinforced with a single
layer of geogrid at its mid-depth and containing polypropylene fibers, included three samples. The
need for a third specimen arose because the mesh reinforcement, initially intended to be positioned
precisely at the center between the core concrete and the mold, shifted during the casting process and
failed to maintain its design alignment. Consequently, an additional casting was performed for the
third specimen (T15F-GM-3), where the mesh was securely fixed to ensure proper reinforcement of
the concrete.

The average compressive strength of the T25D group specimens was 24.13 MPa. This average
strength represents an increase of 1.82 times compared to the strength of the reference sample (Table
5). Specifically, for the T25D-1 specimen, this increase ratio was 2.02 times. Furthermore, the average
enhancement ratio in the energy dissipation capacity of the T25D group specimens was determined to
be 2.16.

The average compressive strength of the T25F group was 26.72 MPa (i.e., more than two
times the strength of the reference). On the other hand, the average enhancement ratio of the energy
dissipation capacity was 4.94. However, it should also be noted that the energy dissipation capacity of
specimen T25F-1 increased by 5.81-fold compared to that of the reference. The average compressive
strength of the two specimens in the T25D-GM group was 19.54 MPa, which corresponds to 1.47
times increase compared to the reference specimen. As a result of the strengthening applied to this
group, the average enhancement ratio of the energy dissipation capacity was calculated as 3.03.
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Table 5. Test results

Group Specimen feo or Avg. Max. Ecu Ediss Avg. Max.  Euitjat.
fec fee/feo fee/feo (MJ/ Ediss,conf Ediss,conf (%)
(MPa) m’) J J
Ediss,ref. Ediss,ref.
REF REF-AVG 13.25 - - 0.0047  0.048 - -

T15D-GM-1 20.32 0.0107  0.170 0.226

T15D-GM 1.17 1.53 2.52 3.54
T15D-GM-2 10.6 0.0089  0.072 0.006
T15F-GM-1 15.24 0.007 0.089 0.068
T15F-GM T15F-GM-2 15.62 1.20 1.28  0.0097  0.128 2.04 2,67 0451
T15F-GM-3 16.93 0.0057  0.077 1.063
T25D-1 26.7 0.0049  0.099 0.054

T25D 1.82  2.02 2.16 2.25
T25D-2 21.55 0.0070  0.108 0.014
T25F-1 28.53 0.0117  0.279 0.487

T25F 202 215 4.94 5.81
T25F-2 24.9 0.0112  0.195 0.680
T25D-GM-1 17.11 0.0104  0.115 0.010

T25D-GM 1.47 1.66 3.03 3.67
T25D-GM-2 21.96 0.0100  0.176 0.065
T25F-GM-1 28.64 0.0050  0.110 0.610

T25F-GM 242 2.67 221 2.29
T25F-GM-2 35.41 0.0042  0.102 0.390
T25F-G2M-1 25.45 0.0094  0.197 0.627

T25F-G2M 1.82 1.92 4.71 5.31
T25F-G2M-2 22.9 0.0150  0.255 0.133
T25F-GMGE-1 ~ 23.17 0.0050  0.082 0.057
T25F-GMGE  T25F-GMGE-2  19.25 196 269 0.0114 0.172 3.98 6.65 0335

T25F-GMGE-3 35.6 0.0107  0.319 -

In the T25F-GM group, the average compressive strength of the specimens was 32.03 MPa
(i.e., 2.42 times the increment in strength with respect to the reference). The energy dissipation
capacity was enhanced by an average ratio of 2.21 in this group.

The average compressive strength of the two specimens in the T25F-G2M group was 24.18
MPa. This strengthening intervention increased the average strength by 1.82 times that of the reference
specimen. The specimens of the T25F-G2M group experienced an enhancement of 4.71-fold on
average with respect to the reference in terms of energy dissipation capacity.

The tests were terminated when the load-carrying capacity dropped to 85% of the peak load,
as the specimens continued to deform. The energy dissipation capacity values were also calculated up
to the same ultimate data point.

During the casting of T25F-GMGE-1 and -2, which were wrapped with two layers of geogrid
(one central and one at the end), difficulties were encountered, leading to poor concrete compaction
and necessitating repair with honeycomb defects on the concrete surface. The same high-strength
repair mortar used for capping the specimens was also utilized for the repair (i.e., filling of the
honeycomb defects). Consequently, a third specimen for this group, T25F-GMGE-3, was prepared
more carefully with better compaction, which did not require repair. The experimental results showed
that while the average compressive strength of specimens T25F-GMGE-1 and T25F-GMGE-2 was
21.21 MPa, the compressive strength of specimen T25F-GMGE-3 was 35.60 MPa (Figure 5.h).
Furthermore, the experimental data indicated that the average enhancement ratio of the energy
dissipation capacity of all three specimens in the T25F-GMGE group was 3.98. As a result of the care
in the quality of the confinement of T25F-GMGE-3, a 6.65-fold average improvement was achieved in
the energy dissipation capacity compared to that of the reference in this group.
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3.3. Lateral strains

The ultimate lateral strain values (gui1a) Obtained from the strain gauges during the tests of all
the specimens are provided in the last column of Table 5. It should be noted that the strain values
could not be obtained from the DAS owing to technical problems in the case of specimen T25F-
GMGE.

No explicit correlation was observed between the ultimate (rupture) strains (guilat), presented
in Table 5, and the resulting strength and ductility enhancements. The maximum strain values obtained
from the strain gauges on different specimens varied significantly, independent of the experimental
parameters. Furthermore, even the maximum strain values obtained from the two different strain
gauges on the same specimen exhibited substantial variations. For instance, the strain values obtained
from the strain gauges (SG1 and SG2) vs. loading step graphs of specimens T15F-GM-3 and T25D-
GM-2 are presented in Figure 6.

As shown in Figure 6.a, the ultimate lateral strains experienced by the two strain gauges of
specimen T15F-GM-3 were 1.063% and 0.217%. The similar strains measured on specimen T25D-
GM-2 were 0.065% and 0.013%, respectively (Figure 6. b). The significant difference between not
only the strains of two specimens, but also the two strains of each individual specimen is clear. It was
generally observed that in specimens where low ultimate strain values were recorded by the strain
gauges, cracks formed away from the strain gauges, while in specimens where relatively higher strain
values were measured, the strain gauges were located close to the cracks.

These results are contrary to the results of the axial compression tests of FRP-confined
concrete specimens, where there are no such significant discrepancies between the lateral strain values
on the circumference of the specimen (Akin et al., 2020). This indicates that until rupture, the strains
along the same circumference (on the same circle) in the FRP confinement material exhibit similar
magnitudes (i.e., a more uniform distribution). Furthermore, in previous studies, a correlation was
observed between the strength and strain enhancements obtained from the axial test results of FRP-
confined specimens compared to equivalent unconfined concrete specimens and the measured ultimate
strain values, which is reflected in the relevant numerical models. The absence of the same correlation
in this study, where a thick concrete layer was used for confinement, can be evaluated based on the
aforementioned observations. Based on the experimental observations, it can be concluded that the
strains developed in the thick concrete confining layer under radial stresses induced by the expanding
core concrete are not as uniform as those in the FRP materials. This finding, which requires further
support from additional experimental studies, might be a crucial aspect to consider in models
reflecting the behavior of concrete confined with a relatively thick concrete layer.

4. Discussions

The confinement provided by a thick FRC layer with/without additional mesh reinforcement
for low-strength concrete (i.e., approximately 10 MPa) considerably increased the axial compressive
strength and energy dissipation capacity in all cases, consistent with the findings reported by Ilki et al.
(2004) and Rousakis et al. (2007). However, the amount of enhancement depends on the test
parameters and the quality of the implementation of confinement, as explained in the following. In
general, the axial compressive stress-strain curves have a descending second portion after attaining the
ultimate strength at the end of the ascending first portion of the response. There was a smooth
transition between these two parts of the response in most specimens, indicating that the specimens
lost their rigidity owing to the formation of cracks in the confining concrete and core layers. In
contrast to the general trend, there was an ascending second portion in some of the specimens (T25F-
1, T25F-2, T25D-GM-2, and T25F-GMGE-3) with varying slopes. Among these specimens, T25F-1
exhibited a strain-hardening behavior at an approximate axial strain level of 0.6%. The slope of the
second region was slightly negative up to this strain level. In these specimens with an ascending
second portion, failure was indicated by several cracks with a smaller crack width compared to the
other specimens that experienced fewer cracks with larger crack widths (Figure 6).
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Figure 5. Axial stress-strain diagrams of the test specimens

Based on these observations, it can be stated that the fibers within the concrete provided a
redistribution of stresses and a more progressive and widespread damage formation in these
specimens. The absence of this situation in other confined specimens may be due to quality issues in
the production of the confinement layer, as was visible in the T25F-GMGE group (explained
previously). Another reason may be the nonuniform straining of the thick confining concrete layer
when subjected to the radial stresses induced by the expanding concrete (as explained in the previous
section).
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A comparison of the experimental results presented in Table 5 reveals a consistent increase in
the axial compressive strength (considering both the average and maximum values) as the confining
mortar layer thickness increased (e.g., T25D-GM vs. T15D-GM and T25F-GM vs. T15F-GM).
Notably, in the groups reinforced with polypropylene fibers, this enhancement ratio reached as high as
100% when comparing T25F-GM to T15F-GM. However, it should be emphasized that while the fiber
additions were kept constant by weight, the significant density disparity between the steel and
polypropylene fibers resulted in substantially different fiber volume fractions (Vy). Consequently, the
observed performance variations, particularly the high enhancement ratios in the polypropylene
groups, should be interpreted as a comparison of mixtures with equal weight dosages rather than a
pure evaluation of fiber efficiency alone. Furthermore, the results indicate that the substantial gain in
compressive strength was not proportionally matched by an increase in energy dissipation capacity as
the confinement thickness increased, suggesting a more complex interaction between the mortar
thickness and post-peak behavior.

When comparing the specimen groups strengthened with one and two layers of mesh
reinforcement (that is, T25F-GM vs. T25F-G2M and T25F-GMGE)), it is evident that increasing the
number of these reinforcement layers had no positive effect on axial strength enhancement. However,
an increase in the number of layers resulted in a significant increase in the energy dissipation capacity
(approximately 200%). This indicates that the contribution of mesh reinforcement is more evident in
improving post-peak behavior and energy absorption capacity, whereas its effect on axial strength
remains less consistent. This result aligns with the findings of Wang et al. (2016), who reported that
while polymer mesh reinforcement contributes minimally to axial strength, it significantly enhances
the post-peak ductility and deformability of concrete members. Furthermore, it is explicitly
acknowledged that the potential influence of specimen preparation quality and manual application of
the geogrid layers may have contributed to these observed variations in strength trends. In the test
group, T25F-GMGE, the specimen T25F-GMGE-3, which was prepared with better concrete
compaction and quality control, provided better results not only compared with the specimens in the
same group but also with those in the T25F-G2M group. Except for specimen T25F-GMGE-3, the
allocation of the two layers of mesh reinforcement at different levels within the confining concrete did
not cause a significant difference in the ultimate strength and energy dissipation capacity.

The experimental study incorporated two types of fibers (steel and polypropylene), each
comprising 2% by weight of the mortar layer used for confinement. As the unit weight of the
polypropylene fibers was smaller than that of the steel fibers, the volume of the polypropylene fibers
was higher within the confining concrete. Steel fibers were exclusively utilized in the T15D-GM,
T25D, and T25D-GM groups, all of which had corresponding polypropylene fiber-containing
counterparts for comparative analysis. A comparison of the average results from these groups with
different fiber types revealed that polypropylene fiber usage generally yielded slightly better outcomes
in terms of strength (Table 5). However, there are variable results in terms of energy absorption
capacity related to the use of different fibers in confinement. Comparing the specimens in the T15D-
GM vs. T15F-GM and T25D-GM vs. T25F-GM groups, the steel fibers resulted in a slightly higher
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enhancement in the energy dissipation capacity. However, the comparison of the specimens in the
T25D and T25F groups provided opposite results, with a much higher difference in the energy
dissipation capacities (i.e., superior results of polypropylene with respect to the steel fibers).
Furthermore, post-test examination of the specimens revealed that those confined with a
polypropylene fiber-reinforced concrete layer generally exhibited smaller (hairline) crack widths than
their steel fiber-reinforced counterparts (Figure 4).

Future research on this topic can be expanded by incorporating additional parameters. The
weight percentage of the fiber content within the mortar layer could be varied. Additionally, as
previously stated, there is potential to explore different concrete properties for the confining layer; a
similar study could be conducted using self-consolidating mortars or those with exceptionally high
workability. Furthermore, the use of alternative mesh materials instead of geogrids should be
investigated.

5. Prediction of the Confinement Effectiveness

In the literature, there are models to predict the ultimate strength (fcu) and strain (ecu) of
concrete confined by FRCM or high-performance mortar. These models depend on the experimental
results of either FRP or FRCM-confined concrete (Donnini et al., 2019). The models proposed by
Triantafillou et al. (2006), De Caso y Basalo et al. (2012) and Ates et al. (2019), which are produced
according to the results of FRCM confinement, were used to predict the ultimate strength and/or strain
of the specimens tested in this study. These models are summarized in Table 6. It should be noted that
the model by De Caso y Basalo et al. (2012) only provides an expression for the prediction of the
ultimate strength of confined concrete, but no expression for the ultimate strain.

Table 6. Analytical models to predict the ultimate strength and strain of confined concrete

Model Analytical expressions
Ultimate Strength Ultimate Strain
Triantafillou et al. (2006) foc = foll + 1.90(f;, /fr0)] Eoy = Ecp + 0.047(f1,/ fr0)

De Caso y Basalo et al f.. = f. _[1+ 2.87(f, jfco)o-”ﬂ -

(2012)

Atesetal. (2019) foo = fooll +3.67(fin/foa)] €. = 1356, + 0.026(f1,/f.0)

In the expressions given in Table 6, f., is the compressive strength of the unconfined reference
specimen (i.e., 13.25 MPa) and & is the strain corresponding to the compressive strength of
unconfined concrete (i.e. 0.003). fi, is the lateral confining pressure supplied by the confinement,
which may be assumed to be the summation of those provided by the high-strength concrete including
fibers, fiuconer.. and mesh reinforcement, fiy, and mesh (if the latter exists) (Zhao, 2020). The stresses on the
confined concrete section are shown in Figure 7. In this figure, r; is the radius of the core concrete (75
mm), I, is the outer radius of the confined section (90 mm for the 15 mm confinement and 100 mm for
the 25 mm confinement), D is the diameter of the core concrete (150 mm), and t is the thickness of the
confinement (15 mm or 25 mm).

The theory of elasticity can be utilized to determine the tangential stresses on the thick-walled
confining layer (with thickness “t”) under internal pressure caused by the Poisson effect of the
compressed core concrete (Popov, 1998). These tangential stresses have a nonlinear distribution, with
the highest value at the inner boundary (c.i) and the lowest value at the outer boundary (o). The
tangential stress, o;, at any point between the inner and outer boundaries of the confining layer at a
radius of “r” (ri<r<r,) may be determined by Eqn. 3, where the internal pressure, pi, can be taken equal
to the lateral confining pressure supplied by a high-strength concrete layer (fiu concr.)-
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0.(r) = 2 (1+ ) ©

Ty
Here, the nonlinear distribution of tangential stresses is transformed into an equivalent uniform

distribution to yield the average tangential stress (ot,avg) for simplicity. This is done by equating the
resultants of both the nonlinear and uniform tangential stress distributions (Eqn. 4).

[0 dr = 1y 1) @

i

By utilizing Eqns. (3) and (4), one may determine the average tangential strain as given in
Eqn.(5).

pi’ Ti' _ f!u,concr. Ti'

a = = 5
tavrg T, =1 T, —1 ( )

High strength
concrete layer

Mesh
reinforcement
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B T T T =t
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Figure 7. Lateral confining pressure

If 6.avg is equated to the tensile strength of the high-strength confining concrete layer (feicont),
then, the contribution of the confining pressure from this layer, fiuconcr. can be estimated. fiicons. Value
can be determined using the expression suggested by Song and Hwang (2004) and given in Eqn. 6 for
the splitting tensile strength of the fiber included concrete (fesicont.). The splitting tensile strength of
concrete (fescont.) can be transformed into the direct tensile strength (feiconr) to be utilized in Eqn. 5
using the expression proposed by Wu et al. (2023), which is given in Eqn. 7.

fest.conf. = 0.63\/foc cons. + 3.01V; — 0.02V7 (6)

fct,conf. =123 cgfioﬁ:f. (7)

In Eqn. 6, feccont. is the compressive strength of the high-strength concrete used for
confinement, and V¢ (%) is the fiber volume fraction of the concrete. The fiber volume fractions were
estimated as 0.23% and 3.2% for the steel and polypropylene fiber-reinforced concrete, respectively.
By using Eqn. 6, the splitting tensile strengths of concrete with steel and polypropylene fibers can be
calculated as 5.2 MPa and 13.8 MPa, respectively. According to Eqn. 7, the direct tensile strength
values of the concrete including steel and polypropylene used for the confinement were 3.0 MPa and
5.2 MPa, respectively. As mentioned previously, the contribution of the high-strength concrete layer
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with fibers to the lateral confining pressure (fiuconer.) can be determined using Eqn. 5 for confinement
thicknesses of 15 and 25 mm separately (where Giave equals the direct tensile strength values of the
concrete).

In contrast, the contribution of the mesh reinforcement to the confining pressure (fiumesn) for
the specimens with mesh reinforcement can be estimated using the well-known expression for
confinement given in Eqn. 8. fimeh 1s the ultimate tensile strength of the mesh reinforcement in Fig.7
(i.e. omesh becomes to be fimesn at the rupture point of the mesh reinforcement in this figure).

2 ,ft.mgsh t

- _Jtmesh 7 8
ﬁ'u.mesh D+t ( )

As stated before, the tensile strength of the mesh reinforcement per length was provided as
equal to 150 kN/m by the manufacturer, which can be taken directly equal to “fimesh.t” multiplication
in Eqn. 8. The resulting lateral confining pressure values are presented in Table 6, considering the
different test parameters of this study.

Using the lateral confining pressure values presented in Table 7, the analytical models
provided in Table 6 can be employed to predict the ultimate compressive strength and strain of the test
groups in this study. These predicted results (feemodel and €ccmodel) VS. the average experimental results
of each test group (fecexp. and €ccexp.) are shown in Figure 8.

Table 7. The lateral confining pressure values for different test parameters

Confinement Fiber Type fiu,conc. (MPa) fiu,mesh fiu (MPa)
thickness, t
Steel 0.60 242
15 mm Polypropylene 1.04 1.82 2.86
Steel 1.00 2.71
25 mm Polypropylene 1.73 171 3.44

To determine the lateral confining pressure in test group T25F-G2M, fiumesn Was simply
multiplied by “2” to represent the doubled thickness of the two layers of mesh reinforcement, and the
corresponding fiyconer. Was added. The test group T25F-GMGE was not included in the comparison.
The results shown in Figure 8 are also listed in Table 7.

The mean error (ME), mean absolute error (MAE), root mean square error (RMSE),
coefficient of variation (COV) and mean value of the “model prediction (MP)/experimental result
(ER)” ratio are listed in Table 9 for the considered models.

The predictions of ultimate strength across all models exhibit significant variability, with no
consistent trend of underestimation or overestimation. The ultimate compressive strength predictions
by Triantafillou et al. (2006) are generally more conservative.

Table 8. The ultimate experimental results and corresponding model predictions

fcc,exp. fcc,model (MPa) Ecu,model

Test Group (MPa) Triantafillou  Basalo Ates Eeu.exp- Triantafillou  Ates

T15D-GM 15.46 17.85 23.43 22.13 0.0098 0.0116 0.0088
T15F-GM 15.93 18.68 24.84 23.75 0.0075 0.0131 0.0097
T25D 24.13 15.15 18.38 16.92 0.0060 0.0065 0.0060
T25F 26.72 16.54 21.10 19.60 0.0115 0.0091 0.0074
T25D-GM 19.54 18.40 24.37 23.20 0.0102 0.0126 0.0094
T25F-GM 32.03 19.79 26.62 25.88 0.0046 0.0152 0.0108
T25F-G2M 24.18 25.60 35.15 37.11 0.0122 0.0261 0.0168

However, this model aligns more closely with the experimental ultimate strengths, as indicated
by lower error metrics (Table 9), except for three specimens (T25D, T25F, and T25F-GM).
Conversely, the models proposed by Triantafillou et al. (2006) and Ates et al. (2019) tend to
overestimate the ultimate strain of the test groups. Nonetheless, the ultimate strain predictions by Ates
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et al. (2019) demonstrate greater consistency with the experimental results, as evidenced by lower
error metrics in Table 9.

Table 9. The lateral confining pressure values for different test parameters

Error Metrics Ultimate Strength, fcc Ultimate Strain, &cu
Triantafillou Basalo Ates Triantafillou Ates
ME -3.709 2.275 1.515 0.0047 0.0010
MAE (MPa) 5.585 7.063 7.364 0.0053 0.0027
RMSE (MPa) 7.077 7.371 7.806 0.0071 0.0034
COV (%) 29.08 30.99 33.06 52.04 45.91
Mean Ratio (MP/ER) 0.885 1.166 1.127 1.646 1.214
40 0.030
(a) R (b) Ia
85 ¢ 0.025 * o
30 RS
[s)
_% s e o * % 0.020 e
= *
gzo o & o : ° g 0.015 ° .,
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Figure 8. The comparison of the experimental results and model predictions

It should be noted that the proper implementation of the confining layer and assurance of a
certain quality in the application of confinement for the method considered in this study is more
complicated than those of FRP and even FRCM confinement. The accuracy of the model predictions
should also be evaluated from this perspective. Nevertheless, in the authors’ opinion, any model to
predict the ultimate axial state of concrete confined by a thick composite high-performance reinforced
concrete layer should depend on the test results of similarly confined specimens. An increase in the
number of studies and more experimental results of this type of confinement is required in this respect.
In addition, the nonuniform distribution of tangential stresses produced within the thick composite
layer, which is related to the applied lateral confining pressure, should be considered while
constituting such a model.

6. Conclusions

The behavior under axial loading of low-strength concrete columns retrofitted with fiber-
reinforced mortar and mesh-reinforced jackets was investigated experimentally. By focusing on jacket
thickness, fiber properties, and mesh configuration, this study identified the critical performance
factors for seismic strengthening. The following conclusions highlight the effectiveness of the
proposed method and provide guidance for its future applications.

1. Regardless of the specific test parameters, the proposed jacketing method provided sufficient
confinement pressure, leading to varying degrees of axial compressive strength and energy
dissipation (i.e., axial strain) capacity improvement in low-quality concrete.

The variability in the results and failure to achieve desired improvements in the behavior under
axial loading in specific groups can be attributed to application difficulties. Although a
superplasticizer was used to ensure good workability in the production of high-strength mortar for
jacketing, placing the fiber-reinforced concrete into gaps of 25 mm and especially 15 mm was
quite challenging. The use of mesh reinforcement within the layer to provide support further
exacerbates this difficulty. Owing to these challenges, voids were observed in the jacketing
concrete after demolding certain specimens. These voids were subsequently filled with high-
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strength repair mortar and tested in some specimens, as stated previously. However, it was noted
that an increase in the repaired area of the specimen negatively impacted the effectiveness of
confinement. Furthermore, ensuring a perfectly uniform thickness of the confining layer and
precise concentric placement of the mesh reinforcement remained a challenge under laboratory
conditions. Potential localized weaknesses or minor misalignments during the casting process
may have influenced the consistency of the axial strength results, particularly in specimens where
the expected enhancement was not fully realized. These findings highlight the necessity of precise
execution and suggest that alternative techniques, such as shotcrete or the use of mortars with
even higher workability, could mitigate such issues in future applications.

An increase in the thickness of the jacketing mortar layer consistently improved the axial
compressive strength. However, a proportional enhancement in the axial strain capacity was not
observed in all cases as the mortar thickness increased.

An increase in the number of mesh reinforcement layers led to an observed enhancement in
energy dissipation and post-elastic strain capacity. The specimens strengthened with two layers of
mesh reinforcement demonstrated an improvement exceeding 100% in energy dissipation
capacity compared to those strengthened with a single layer. However, a corresponding increase
in axial strength was not observed.

Groups in which the specimens were confined with a polypropylene fiber-reinforced mortar layer
generally exhibited more favorable axial compressive strength than equivalent groups containing
steel fibers. Furthermore, post-test observations of the polypropylene fiber-reinforced specimens
indicated smaller crack widths than those of their steel fiber-reinforced counterparts.

The lateral strains in the confined specimens were measured using two strain gauges positioned
equidistantly on a hypothetical circle at the mid-height of the specimen. The results from these
strain gauges revealed that the lateral strains varied significantly in magnitude within the same
horizontal plane. As expected, the ultimate lateral strains were higher at locations where cracks
formed. Similarly, in the FRP-confined concrete test results, the strain gauges over the cracks
consistently yielded larger ultimate lateral strains (rupture strains). However, the differences in
the values obtained from the strain gauges at different points on the same circle in FRP-confined
concrete tests were not of the same magnitude as those observed in the current study (they were
much closer). This suggests that the tangential lateral stresses in FRP confinement exhibit a more
uniform distribution, which cannot be achieved when a thick mortar layer, as used in the current
study, is employed. This leads to the conclusion that, unlike FRP-confined concrete models based
on the assumption of uniform lateral stress, modeling the behavior under axial loading of concrete
confined with a thick mortar layer necessitates different assumptions. Additionally, although a
correlation exists between the axial strength and strain enhancements and lateral rupture strain in
FRP-confined concrete, this correlation was not observed in the current study. Further
experimental investigations are required to better understand the behavior of modeling the axial
response of concrete confined with a thick, fiber-reinforced, mesh-supported mortar layer.

The models that depend on the FRP or FRCM-confined concrete test results were considerably
scattered compared with the experimental results of this study. In connection with the discussion
in the previous conclusion, any confinement model to represent concrete confined by a thick
composite concrete layer should be generated using the results of the specimens strengthened
using the same methodology.

The strengthened specimens could not be evaluated with respect to the position of the mesh
reinforcement. This was because the space between the core concrete and the formwork, as
mentioned in the previous section, was insufficient to maintain the intended position of the mesh
reinforcement. In future studies, as previously suggested, a slightly wider strengthening area
should be planned to allow for the assessment of reinforcement placement.

The experimental results regarding the influence of mesh reinforcement indicated nuanced
behavior. Although the mesh contribution to the ultimate axial compressive strength was not
uniformly consistent across all specimens, its impact was more pronounced in the post-peak
region. Specifically, the mesh reinforcement enhanced the confinement efficiency by maintaining
the integrity of the outer mortar layer even after initial cracking, thereby improving the energy
dissipation capacity and leading to more ductile failure modes. The observed inconsistency in the
strength enhancement suggests that the primary role of the mesh in this configuration is to
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provide lateral stability and prevent premature spalling rather than significantly increasing the
peak load-carrying capacity.
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