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Abstract: The compressive strength of cylindrical columns of recycled aggregate
concrete (RAC) is lower than that of equivalent normal concrete columns. Active
confinement can recover some of such lower compressive strength, but limited
research has examined the stress-strain behaviour of RAC cylinders with active
confinement. This study proposes a new constitutive model for RAC cylinders
actively confined with post-tensioned metal straps (PTMS). Using pneumatic
tools, the PTMS technique involves applying a post-tensioning force to high-
strength metal straps. RAC cylinders (2150300 mm) with different confinement
ratios (p, = 0, 0.35, 0.52, 0.80 or 1.6) were subjected to axial compression tests to
determine their maximum strength and axial strains. The RAC was produced using
recycled concrete aggregate (RCA) as coarse aggregate, considering three
compressive strengths: 15, 21 and 24 MPa. The test results indicate significant
increases in strength and axial strains as the confinement ratio increased, with the
strength increasing by 29% to 196%, and peak axial strains by 90% to 158% for
pv values of 0.35 and 1.6, respectively. Based on the test results and a regression
analysis, a new stress-strain constitutive model is proposed to assess the
effectiveness of the PTMS confinement on RAC. The results of this study promote
the use of RAC in construction by demonstrating that the mechanical properties of
RAC structural members can be effectively enhanced through the PTMS
technique.

Keywords: Axial behaviour; active confinement; recycled aggregate concrete;
ultimate strength; peak strain, stress-strain model

1 Introduction

Recycled aggregate concrete (RAC) is widely used in construction to promote the circular economy
and sustainability of building materials. However, due to the inferior mechanical properties of RAC, it is
mainly used in non-structural applications. Past studies show that the RAC has 10%-20% lower
compressive, splitting, and flexural strengths compared to normal aggregate concrete (NAC) [1-2]. This is
primarily due to the use of recycled concrete aggregate (RCA) in RAC, which contains large pores, adhered
mortar residues, and surface cracks induced by the RCA’s recovery process. This, in turn, increases the
Poisson's ratio of RAC over that of NAC and reduces the modulus of elasticity by about 18% [3]. As a
result, RAC elements subjected to compression experience larger lateral strains under a similar level of
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stress, thus reducing their mechanical performance. RAC structural elements also show a 6% to 24% lower
performance in axial compression, shear and bonding behaviour compared to NAC counterparts [4-6]. Past
studies also indicate significant inconsistencies in experimental results, primarily when high contents of
RCA (close to 100% substitution of natural aggregates) are used in the RAC mix [7-10]. Whilst various
treatments have been proposed to improve the properties of RCA, many of these are expensive or simply
unfeasible at the large volumes required in concrete production. Therefore, the structural deficiencies of
RAC tend to persist [4, 11-13], highlighting the need for strengthening to recover some of the structural
strength. In particular, active confinement has been identified as a feasible alternative to enhance the
comprehensive strength of RAC columns in a recent study [11].

Active confinement techniques with the use of Post-Tensioned Metal Straps (PTMS) have shown to
improve the structural integrity, strength and ductility of NAC elements. Initial research by Frangou et al.
[14] found that concrete cylinders confined with PTMS exhibited up to an 80% increase in strength
compared to unconfined cylinders. Imjai et al. [15] reported an 8% increase in ultimate load capacity for
PTMS-strengthened beams. According to Ma et al. [16], PTMS significantly increased the axial
deformability (by 2.64 to 2.95 times) and the load capacity (by up to 313%) of pre-damaged plain concrete
cylinders. Awang [17] expanded these findings to high-strength concrete columns, showing improvements
correlated with increased confinement ratios. PTMS also significantly improved the load-bearing capacity
of reinforced concrete (RC) columns and beams. For instance, through steel strapping tensioning
techniques, Lee et al. [18] demonstrated increased concrete’s load carrying capacity and ductility up to 17%
and 22%, respectively. Similarly, Samadi et al. [19] showed that lap-spliced RC columns retrofitted with
PTMS attained their theoretical yield strengths and a large 7% lateral drift displacement capacity, compared
to 1.5% of the control specimen. Ma et al. [20] tested eccentrically loaded high-strength concrete columns
and showed a 25% increase in ultimate load and a 41% increase in ductility over unconfined specimens.
Overall, the PTMS approach has proven effective in improving the ductility and load-carrying capability
of RC structures without considerably increasing their size or mass [21-22]. Moreover, PTMS offers
advantages over traditional confining methods, such as rapid application and cost-effectiveness [23-24].
Whilst extensive research has explored the use of PTMS in improving the behaviour of normal and high-
strength concrete columns, limited research has examined the effectiveness of PTMS in strengthening low-
strength RC members [25-26]. Likewise, the effectiveness of active PTMS confinement on RAC elements
remains unexplored [11].

Few studies have explored the effectiveness of lateral confinement on RAC elements. Some studies
[27-29] highlighted significant improvements in recycled concrete strength and ductility. For example, Han
et al. [29] discovered that RAC with a 33% replacement ratio, confined by three layers of polyethylene
terephthalate-fibre reinforced polymer (PET-FRP), had a compressive strength 3.24 times higher and an
ultimate axial strain 35.4 times larger than unconfined specimens. Previous works [17, 30-33] also
suggested stress-strain models for NAC confined with highly ductile metal straps. However, given the
distinct mechanical features of RAC, these models have to be tested for RAC. Moreover, to date there is no
constitutive model for RAC confined with active PTMS, which provides a different confinement
mechanism than passive materials and as such it can influence the stress-strain behaviour. Creating bespoke
models for RAC confined with PTMS is critical since it may significantly increase compressive strength
and ductility. Accordingly, this article seeks to address a knowledge gap by analysing current models and
establishing new ones for RAC confined with PTMS, hence offering insights into sustainable concrete
structures made from recycled materials.

This study proposes a new constitutive model for RAC cylinders actively confined with PTMS. RAC
cylinders (2150x300 mm) with different confinement ratios (p, = 0, 0.35, 0.52, 0.80 or 1.6) were subjected
to axial compression until failure to determine their maximum strength and axial strains. The RAC was
produced using RCA as coarse aggregate, considering three strengths: 15 MPa (M15), 21 MPa (M21) and
24 MPa (M24). Based on the test findings and regression analyses, a new stress-strain constitutive model
is suggested to assess the effectiveness of PTMS confinement on RAC cylinders. This research's findings
promote the utilisation of RAC in structural applications by demonstrating that the mechanical behaviour
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of RAC columns can be effectively enhanced using the PTMS technique.
2 Experimental programme

2.1 RAC and NAC specimens

Forty-one RAC and thirty-three NAC cylinders were cast with a diameter of 150 mm and a height of
300 mm as part of the main tests. To obtain mechanical properties, nine cubic specimens of RAC and nine
of NAC were cast, each with sides of 150 mm. Likewise, nine rectangular beams of RAC and NAC, each
measuring 100 mm x 100 mm x 500 mm, were cast. Figs. 1a-d depicts the materials and equipment used
to prepare the specimens, including high-ductile metal straps, clip locks, strain gauge insertion, sealing and
strapping pneumatic tools, and the configuration of strapped cylinders. The detailed specifications are
presented in Appendix A.

/—_\ Cylinder specimen
\-—/ r{dia. =150 mm, height = 300 mm)

Aluminum clip lock .
"™ Tensioned end

S

Tensioned end
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Strain gauge -
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(axial strain) High-ductile metal strap
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Fig. 1. Specimen details: (a) non-corrosive metal clip lock and high-ductile metal straps; (b) strain gauges on
cylinders with metal straps; (c) sealing and strapping pneumatic tools used to secure the strap around cylinders; and
(d) strap configuration and clear spacing.

2.2 Materials and properties

The concrete specimens for each of the three concrete strengths were cast in single batches, with the
mix designs carried out according to ACI 211.1-91 [34]. Six concrete mixes with target 28-day compressive
strengths of 15 MPa, 21 MPa, and 24 MPa were produced, including three NAC and three RAC mixes. The
choice of such concrete strengths is consistent with international standards that define typical low- to
normal-strength concretes for use in low-rise residential buildings and housing construction. For example,
the German [35] and Italian [36] standards allow the use of strengths of up to 25 MPa. Japan [37] consents
the use of strengths up to 36 MPa, whereas the UK [38] allows for strengths in a range of 20—40 MPa. The
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selected strengths also permit investigate the effectiveness of the PTMS confinement over a range of
different compressive strengths as those find in many typical structures of developing countries, where low-
strength materials are often used. The six concrete mixes were produced with ordinary Portland cement.
The coarse natural aggregates (NA) of the NAC mixes consisted of crushed stone sourced from a local
quarry. Likewise, coarse RCA for the RAC mixes was produced from concrete waste crushed by an ad hoc
machine [11]. After crushing, the RCA was sieved through a 20 mm sieve but ensuring that the material
was retained on a 4.75 mm sieve. Locally available fine aggregate (size 0.15 - 4.75 mm) was used as sand.
Table 1 lists the basic properties of the aggregates used in this study. The maximum size of coarse
aggregates is 20.2 mm for NA, 19.5 mm for RCA#2, and 10.3 mm for RCA#1. The bulk specific gravity
(SSD) is 2.69, 2.31, and 2.48, respectively for such aggregates. The unit weights are 1576 kg/ms, 1305
kg/m3, and 1436 kg/m3. The water absorption rates are 0.39%, 6.02%, and 5.21%, respectively. The
moisture content are 0.63%, 2.16%, and 2.21%. The impact values of the coarse aggregates are 10.23% for
natural aggregates, 13.40% for RCA#2, and 12.45% for RCA#1, while the crushing values are 21.74%,
24.02%, and 20.24%, respectively. The residual mortar content is 31.52% for RCA#2 and 30.45% for
RCA#1. The natural fine aggregate (NFA#1) has an upper size of 4.71 mm, a relative density of 2.64, a
1516 kg/m3 unit weight, an absorption value of 0.83% with 1.43% moisture content, and a fineness modulus
of 2.68. The water-cement (w/c) ratio was maintained to achieve the desired workability (slump of 75 mm)
in the concrete mixes. The average size of RCA is depicted in Fig. 2a. Likewise, the NA and RCA particle
size distribution curves are shown in Fig 2b. Fig 2b shows that each curve approaches almost 100% at 19
mm. 50% of NA goes through the sieve at 10 mm, compared to 40% of RCA. Around 80% NA and 75%
RCA pass through the 12 mm sieve. In general, NA passes more particles of bigger sizes than RCA. Table
2 summarises the concrete mixes, including the actual w/c ratios for the different concretes.

Table 1. Physical and mechanical characteristics of aggregates

. Coarse aggregates Fine aggregate
Properties NA RCA#2 RCA#I NFA#1
Maximum size (mm) 20.2 19.5 2.36 4.71
Bulk specific gravity (SSD) 2.69 2.31 2.71 2.64
Unit weight (kg/m?) 1576 1305 1450 1516
Water absorption (%) 0.39 6.02 2.79 0.83
Moisture (%) 0.63 1.16 2.56 1.43
Fineness modulus - - 1.90 2.68
Impact value (%) 10.23 13.40 - -
Crushing value (%) 21.74 24.02 - -
Residual mortar (%) - 31.52 28.5 -
100 s —o
Coarse RCA and fine NA used in the mix design 80 1 /
AN \\6‘\\\, 4
o 60 A
g W v
a L /," <
& 40 - Ry /,"',\\\@
* At
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Fig. 2. (a) Typical RCA and NA aggregates used in this study, and (b) particle size distribution of NA and RCA.

000049-4



Neupane et al., SUST, 2024, 4(2): 000049

Table 2. Mix designs in kg/m? (slump = 75 mm)

Concrete grade Concrete types  Cement  Fine aggregate Coarse aggregate ~ Water  Actual w/c

M15 RAC 250.0 826.0 951.0 237.0 0.95
M15 NAC 250.0 747.0 1142.0 193.0 0.77
M21 RAC 294.0 788.0 951.0 237.0 0.81
M21 NAC 294.0 709.0 1142.0 193.0 0.66
M24 RAC 312.0 772.0 951.0 237.0 0.76
M24 NAC 312.0 694.0 1142.0 193.0 0.62

The average 28-day concrete strength was measured by testing cylindrical and cubical samples using
BS EN 12390-3 [39]. A set of three cylinders was tested for indirect tensile splitting strength following BS
EN 12390-6 [40]. The flexural strength was evaluated using four-point bending tests with three beams of
each concrete type according to BS EN 12390-5 [41]. All specimens were cast and cured together in a
controlled laboratory setting. The measured results of all tests are presented in Table 3. Three metal strap
coupons with a cross-section of 0.9x25 mm were tested under direct stress to get the mechanical properties.
The results show yield strength and strain values of 800 MPa and 0.06, respectively, and ultimate stress and
strain values of 950 MPa and 0.014, respectively, with a modulus of elasticity of 200 GPa.

Table 3. Average 28-day mechanical properties of NAC and RAC hardened mixes

Compressive strength (MPa) Splitting strength (MPa) Flexural strength (MPa) Remarks
NAC RAC NAC RAC NAC RAC
18.8 15.8 - - 3.0 1.6 Cube/Prism
15.6 13.5 1.4 1.0 Cylinder
22.8 18.2 - - 3.5 2.2 Cube/ Prism
19.9 15.7 1.7 1.3 - - Cylinder
29.6 23.9 - - 4.8 2.9 Cubel/Prism
24.3 20.5 2.0 1.7 - - Cylinder

2.3 Metal strap installation

The confinement of the cylinders was implemented with varying spacing: 25 mm (for single and
double layers), 38.30 mm, and 55 mm measured center to center, as shown in Fig. 1. The application of
PTMS confining involved using a pneumatic strapping tool and clamping jaws, with the air pressure set at
8 bar (116 psi), a usual practical range for such tools. The applied prestress force was kept at up to 30%
(240 MPa) of its yield stress. Studies have shown that the highest level of prestress for metal straps is up to
40% of their yield strength [42-45]. The effective volumetric confinement ratio (p,), was calculated
according to Eurocode 8 [46], whereas the fib Model Code 90 [47] was used to determine the confinement
effectiveness coefficient over the cylinders’ height. The samples are named based on their shape,
compressive strength and strap spacing. For instance, specimen Cy-R24-11.-55-1 means 'Cy’ = cylinder,
‘M24’ = strength of 24 MPa, ‘R’ = recycled aggregate, ‘L’ = layer, and ‘55” = PTMS spacing (S"), and ‘1’ is
the first sample). Appendix A includes details of the calculated confinement parameters, including S' =
centre-to-centre spacing of metal straps, » = number of layers of metal straps, p,, = volumetric confinement
ratio, and f.. = effective confining pressure. Fig. 1 shows typical cylindrical specimens with different
confinement ratios. The actual confined cylinders are presented in Fig. 3.

Due to stress relaxation in the metal clips and straps, post-tensioning methods such as the PTMS
usually lose some tensioning force. Studies using similar components (e.g. Moghaddam et al. [42]) found
no time-dependent reductions after two months. Imjai et al. [24] found 4%—15% prestress losses in single-
and double-notched clips after 30 days. Similar tensioning force decreases were seen in lap-spliced beams
confined with PTMS tested by Helal et al. [48-49]. These losses were mostly from the partial shearing off
of the mild steel clip. In spite of these findings, the retention of most tensioning force (over 80%) suggests
that post-tensioning losses are generally not problematic.
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Control $'=38.3 mm (n=1L) §'=25 mm (n=1L) §’=25 mm (n=2L)

Fig. 3. Overview of concrete cylinders with different confinement configurations with different strap spacings (S”)
and number of layers of metal straps (n).

2.4 Test setup and instrumentation

Fig. 4a shows the arrangement for conducting axial compressive tests on cylindrical specimens using
a universal testing machine with a 200 t capacity. Steel caps were placed at the top and base of the samples
to ensure a uniform application of axial force. The load was applied using displacement control at a constant
rate of 0.01 mm/s. Axial displacements of the cylinders were measured using two Linear Variable
Displacement Transducers (LVDTs) with an accuracy of 0.001 mm and a gauge length of 50 mm, securely
attached with sturdy supports. Strain gauges were utilised to capture strain data, while load and
displacement data were logged at 5.0 Hz. The entire assembly is fixed on a solid floor with steel angles,
making sure that the specimen is correctly aligned, as demonstrated in Figs. 4a-b. The actual experimental
setup is shown in Fig. 4b.

Steel plate for ———
loaded head

Sulfur capping Cylinder specimen

Detail 1

Load cell
Steel platg for loaded he_ad (capacity=200 tons )
with sulfur capping )

(see Detail 1) Adjustable steel plate

Aluminum angle

|_VDT~L o — LVDT

.
|
\

Strain gauge
LVDT support

LVDT support
|
Strong floor

(a) (b)
Fig. 4. Experimental setup: (a) instrumentation and steel caps, and (b) actual view of test set up.
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3 Results and discussion

3.1 Capacity and failure mode

The amount of PTMS confinement (i.e. p,) and the concrete's original strength all influenced the tested
cylinders' behaviour. The experimental findings are depicted in Table 4, which displayed the combined
effect of the above parameters on axial strains and strength. Appendix B summarises all test results. The
outcomes indicate that external confinement notably enhances the ultimate strength and peak deformation
of the PTMS confined cylinders. Overall, consistent compression behaviour was observed in the confined
specimens' stress-strain curves and failure patterns, with better improvements at higher values of p,.

Capacity enhancement: The unconfined compressive strength was 17.80 MPa for control RAC
cylinders and 22.15 MPa for control NAC cylinders. The results from PTMS-confined RAC cylinders
revealed that all such cylinders demonstrated significant enhancements in compressive strength (f..) and
ultimate (peak) axial strain (e..) proportional to their confinement ratios (p,). Notably, strength gains
compared with unconfined specimens were 29% at a p, of 0.35, 50% at 0.52, 105% at 0.80, and 196% at
1.6. Likewise, the ultimate axial strains (&.) exhibited increases of 90%, 94%, 98%, and 158%, respectively.
In NAC cylinders with the same confinement ratios, the compressive strength increased by 14% at p, of
0.35, 32% at 0.52, 78% at 0.80, and 161% at 1.6 compared to the control NAC cylindrical specimen. The
ultimate axial strains in these cases increased by 88%, 104%, 120%, and 136%, underscoring the
effectiveness of the confinement on both RAC and NAC cylinders.

Table 4. Test results of PTMS-confined cylinders
é fee €cc

Specimen ID P (kN) (mm) feo OT foc 7. €cc o fie Dy Remarks
Cy-R24-c-1 321.2 1.53 17.80 - 0.005 - 0 Control
Cy-R24-1L55-1 414.1 2.90 22.95 +29% 0.009  +90% 0.73 0.35
Cy-R24-1138.30-1 481.9 2.97 26.71 +50% 0.009  +94% 1.64 0.52
Cy-R24-11L25-1 657.7 3.01 36.45 +105% 0.009  +98% 3.84 0.80
Cy-R24-21.25-1 952.2 3.93 52.77 +196% 0.012 +158% 15.36 1.60
Cy-N24-c-1 399.6 1.15 22.15 - 0.004 - 0 Control
Cy-N24-1L55-1 456.2 2.16 25.28 +14% 0.008  +88% 0.73 0.35
Cy-N24-1L38.30-1 527.1 2.35 29.21 +32% 0.007 +104% 1.64 0.52
Cy-N24-1L25-1 711.5 2.53 39.43 +78% 0.009 +120% 3.84 0.80
Cy-N24-21.25-1 1041.9 2.71 57.74 +161% 0.008 +136% 15.36 1.60

Note: P is the maximum load, § is the deformation at maximum load, f.,and f.. are the ultimate stress for unconfined and
confined specimens, g is the axial strain, f;, is the effective confinement pressure, p,, is the effective confinement ratio.

Figs. 5a-b depict the strengths and strains of PTMS-confined RAC and NAC cylinders for different
confinement ratios (pv). Normalisation is done over the experimental values obtained from the control
cylinders. The results indicate significant strength and strain improvements in RAC and NAC cylinders.
RAC shows higher normalised stress and strain increases, particularly if heavy confinement of p, = 1.6 is
used. The data confirm that higher p, ratios improve performance (notably in RAC specimens), thus
effectively increasing the PTMS-confined cylinders' load-carrying and deformation capacities.

Failure mode: Fig. 6 compares the failure modes of unconfined control and PTMS-confined RAC
cylinders. The unconfined control cylinders failed abruptly due to concrete crushing. Conversely, all PTMS-
confined cylinders failed more gradually. This is due to the confining straps, which effectively controlled
the lateral expansion of the RAC. For instance, the failure mode shifts from brittle to ductile at the higher
confinement ratio of p, =1.6 in Cy-R24-2L.25-1 (refer to Fig.6). Cylinders with one strap layer demonstrated
limited early cracking but failed explosively, thus suggesting that minimal confinement could not prevent
excessive post-peak damage (see cylinder with p, = 0.35 in Fig. 6). All PTMS-confined cylinders exhibited
a pseudo-ductile behaviour, ultimately failing by concrete crushing combined with strap rupture at the mid-
height of the cylinders.
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Fig. 5. Normalised (a) strength and (b) strains of PTMS-confined RAC and NAC cylinders for different
confinement ratios (pv).
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Fig. 6. Typical failure of cylinders according to confinement ratios.

3.2 Effect of RCA replacement

To evaluate the effect of coarse RCA replacement on the behaviour of unconfined and confined
cylinders, a comparison was conducted between 0% and 100% replacement levels of NA with RCA across
three different strengths: 15 MPa (M15), 21 MPa (M21) and 24 MPa (M24). The results, as detailed in
Table 3, show that for the M15 grade, cylinders with 0% replacement exhibited higher compressive strength
(15.7 MPa) than those with 100% replacement of RCA (13.5 MPa). In the M21 grade, NAC cylinders with
no aggregate replacement had a compressive strength of 19.9 MPa, surpassing the 15.7 MPa recorded for
100% RCA. Similarly, in the M24 grade, cylinders with no aggregate replacement achieved a higher
strength of 24.30 MPa compared to 20.53 MPa for those fully replaced with RCA.

Fig. 7 compares the normalised compressive strength with different RAC and NAC confined cylinder
grades. The results show that RAC cylinders with 100% RCA replacement exhibited better confinement
effectiveness, despite their low unconfined strengths. For M15, the PTMS-confined RAC cylinders
surpassed the 0% RCA cylinders (denoted by NAC) by 19%, 8%, and 21% at strap spacings (S') of 55 mm,
38.30 mm, and 25.00 mm for single layers, respectively, but fell short by 16% at a strap spacing of 25.00
mm for double layers. For the M21 samples, PTMS-confined RAC cylinders had higher normalised
strengths, with increases of +11%, +6%, +25% and 27% at the same level of confinement. For the same
spacing and confinement layers, the M24 PTMS-confined RAC cylinders had higher strengths by +15%,
+18%, +27%, and +35%, over the confined NAC cylinders. The results in Fig. 7 suggest that the

000049-8



Neupane et al., SUST, 2024, 4(2): 000049

effectiveness of confinement is influenced by the concrete's initial strength and the type of aggregate used.
Fig. 8 compares the experimental stresses and strains as a function of the PTMS confinement ratios in RAC
and NAC cylinders. The results indicate a linear relationship linking the normalised axial stress and the
normalised axial strain. It is also shown that higher confinement ratios led to higher enhancements in both
strain and stress. Fig. 8 also indicates that under heavily PTMS-confined conditions of p,=1.6 (S'= 25.0
mm-2L), the RAC cylinders had a normalised stress and strain increase of +35% and +22% compared to
their NAC counterparts. This indicates that RAC and NAC react differently to the application of stress and
strain. Overall, the outcomes show that increasing confinement improves the strength and deformation of
both RAC and NAC cylinders, with better improvements in the RAC. The results also highlight the benefits
of higher p, values in enhancing the RAC cylinders' load-carrying and deformation capacities.

250
225 1 O $'=55 mm-1L
B S'=38.3 mm-1L
200
m S'=25.0 mm -1L
175 - W S'=25.0mm-2L
< 150 -
8 125 1 Strapping
3 layer
e 100 (n=1, 2 layers)
] _t
S §'=25.0 mm,
50 ~*  38.3mm,
55.0 mm
25
0
M15-NAC-Cy M21-NAC-Cy M24-NAC-Cy
M15-RAC-Cy M21-RAC-Cy M24-RAC-Cy
Fig. 7. Confinement effectiveness as the type of concrete (NAC vs RAC).
o
«©
%
‘.__U

—@— RAC
NAC

3.0

€cctco

Fig. 8. Relationship between normalised stresses (fec/fco) and strains (&.o/&c0) as a function of confinement ratios (o)
for RAC and NAC specimens.

3.3 Effect of concrete compressive strength

Fig. 9a shows the confinement ratios for different concrete strengths. The results in Fig. 9a indicate
an upward trend in confinement ratios as the initial strength decreases. The effective confinement
volumetric ratio depends on the initial strength of concrete and its yield strength. As the concrete strength
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increases, this ratio decreases, thus reducing the effectiveness of PTMS at improving strength and
deformability. This suggests that higher-strength concrete demands more confining material to reach the
same effective confinement ratios as low-strength concrete. This observation aligns with findings from a
detailed analysis of PTMS on different concrete grades, which revealed that lower initial concrete strengths
required higher confinement ratios for effective reinforcement. For instance, M24 grade concrete requires
confinement ratios from 0.35 to 1.6 to increase the normalised strength from 1.29 to 2.96. Meanwhile, M21
concrete shows strength increases from 1.44 to 2.92 as confinement ratios rose from 0.40 to 1.83. The
lowest strength concrete, M 15, benefited the most from high confinement ratios (0.56 to 2.56) to achieve
strength enhancements of 1.41 to 2.55 (see Appendix B).
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Fig. 9. (a) Confinement ratios vs concrete grade, and (b) normalised concrete strength vs confinement ratios for
different concrete strengths.

Fig. 9b compares the normalised concrete strength vs confinement ratios for different concrete
strengths. The figure also shows three trend lines for the initial concrete strengths (M24, M21 and M15).
The M24 trend line has the sharpest slope (v = 1.34x +0.85), showing a rapid rise in normalised strength as
the confinement ratio increases. The high coefficient of determination (R?= 0.987) suggests a strong data
association. The M15 trend line has the shallowest slope (y = 0.76x +0.99), thus indicating slower growth
in normalised strength with larger confinement ratios, supported by an R?> = 0.993. The M21 trend line is
between the two, with a slope of (y = 1.09x +0.95) and an R? = 0.999. At a confinement ratio of 0.75, the
normalised strength increases by approximately 117% for M24 concrete, 84% for M21 concrete, and 56%
for M15 concrete. These percentages highlight the effect of confinement on the normalised strength, with
higher initial concrete strengths experiencing more significant benefits from confinement. These results
indicate that higher initial concrete strength leads to greater confinement strength with a higher confinement
ratio than lower initial strengths. However, more confinement material is needed for higher strength
concrete to meet the same effective confinement ratios with low strength concrete. These results suggest
that the effectiveness of the PTMS confinement is a function of the concrete strength. The experimental
findings presented in previous sections are used in the following section to propose a new constitutive
model for RAC cylinders actively confined with PTMS.

4 Analytical study

The utilisation of global stress-strain experimental data for developing stress-strain models for
confined concrete has been extensively studied and is recognised as a well-established practice. Mander et
al. [50] developed a theoretical model for confined concrete using stress-strain experimental data. Similarly,
Kent and Park [51] also proposed a model based on global data from experiments, which has found
extensive application in practice. Cusson and Paultre [52] advanced this by creating a model for confined
high-strength concrete validated against test results. Saatcioglu and Razvi [53] developed a model that
considered the effects of confinement using global data. Sheikh and Uzumeri [54] proposed a model for
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tied concrete columns based on global measurements. More recent studies have used global stress-strain
data. For example, Zou [55] used finite element analysis (FEM) and digital image correlation (DIC) to
assess the behaviour of fibre-reinforced polymer (FRP) confined concrete. Wang et al. [56] developed a
new stress-strain model for high-strength concrete confined by lateral ties. This model, validated with global
stress-strain data, simplifies the stress-strain relationship while maintaining accuracy.

4.1 Stress-strain results

The stress-strain model is developed based on the M24 RAC confinement test results. Consequently,
the detailed discussion of the stress-strain behavior of confined RAC concrete is centered on M24. Fig. 10
and Table 5 compare the experimental stress-strain curves of PTMS-confined RAC cylinders. The results
demonstrate that higher confinement (p,) improves the concrete's stress and strain behaviour. When p,
increased from O to 1.6, the peak confined stress and axial strain at failure increased. The compressive
strength and deformability increased the most for p, of 0.8 and 1.6. The results in Fig. 10 also show that the
concrete fails gradually after the peak strength, with the steel straps eventually rupturing.

Table 5. Confined stress-strain results

Specimen ID f. (MPa) € Py
Cy-R24-c-1 17.80 0.005 0
Cy-R24-1L55-1 22.95 0.009 0.35

Cy-R24-11L38.30-1 26.71 0.009 0.52
Cy-R24-1L25-1 36.45 0.009 0.80
Cy-R24-21.25-1 52.77 0.012 1.60

60
50 4
_ Py =
40 - =052
g
Sy py=0.80
8 0.52
20 - Pr="5
X Py =0.35
10 - py=0
O T T T
0.00 0.01 0.02 0.03 0.04
€cc

Fig. 10. Stress-strain curves of actively confined RAC cylinders for different confinement ratios.

4.1.1 Peak axial stress

The modified model by Mander et al. [50] is adopted here to describe the stress-strain relationship of
concrete confined by steel reinforcement. Equation 1 can represent the axial stress of steel-confined
concrete.

f Xxr

= (1
where the variables are defined as follows:

) e @
&
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r= E, 3
- Ec - Esec ( )
f
E,. =2
Sec S (4)

where f..= confined-concrete compressive strength, x = ratio of longitudinal strain to maximum strain,
r = concrete brittleness coefficient, E, =5000,/f, = modulus of elasticity, and Es.= secant modulus of
confined concrete at maximum stress.

Richart et al. [57] proposed a general confinement strength model (Equation 5) assuming that the
concrete specimens were subjected to hydrostatic pressure:

f f
o —14+k &
f Lt ©)

co co
where f..= confined concrete compressive strength, f.,= unconfined concrete compressive strength, ki
= coefficients of confinement effectiveness for strength, and f;. = lateral hydrostatic pressure.
Mander et al. [50] provided a more refined prediction model suitable for evaluating the effectiveness
of confinement, especially in seismic applications (Equation 6):

foo = T (2.254 /1+ 7.94% —2%—1.254] (6)

where all variables are as defined before.

The above models can serve as benchmarks for developing further models for active confinement and
different concrete, such as RAC.

The confining pressure (f;), effective confinement pressure (f;.) and the effective confinement ratio (p,,)
can be calculated based on fib Model Code 90 [47] according to Equations (7), (8) and (9).

f
f
fo=p ®)
Vs fy
P, =0, X V_f_ )
. _Adzf, Ax2(b+d)f, a0
YA, bdsf

0.5 . .
where D = (b2 +d2) , A, = cross-section area of confinement steel, S’ = centre-to-centre spacing of

metal straps. Likewise, @, = mechanical confinement material ratio as per area, V, = volume of confining
material, V; = volume of confined concrete, f, = yield stress of metal, and f,, = compressive strength of
concrete.

The following section uses the above models (and others available in the literature) to calculate the
strength of the PTMS-confined RAC cylinders.

4.1.2 Comparison of strength by existing model’s vs test results

Table 6 compares the strength predictions provided by existing models for the PTMS-confined RAC
cylinders. The results show that Frangou’s [14] model is the most reliable among the existing models
considered in this study, featuring a mean Prediction/Experimental (Pred./Exp.) ratio of 1.18, mean squared
error (MSE) of 0.02, a high coefficient of determination (R?) of 96%, and a low standard deviation of 0.06.
Likewise, Mander et al.’s [50] model, with a mean of 1.02 and a standard deviation of 0.08, also
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demonstrates high reliability. The Model Code 90 [47] model also predicts the results well, with a mean of
0.98 and a standard deviation of 0.15. Conversely, Wu et al.’s [58] model yields a mean Pred./Exp. of 1.49
and a negative R

Table 6. Predictions of compressive strength provided by existing models

Models Mean square Coefficient of Pred /Ex Standard
error (MSE) determination (R?) TEXD deviation (STD)
Frangou [14] 0.02 96% 1.18 0.06
Awang [17] 0.11 76% 1.17 0.13
Lee et al. [32] 1.95 -330% 1.22 0.45
Chin et al. [33] 0.24 47% 0.94 0.14
Moghaddam et al.[42] 0.63 -3.8% 1.11 0.26
Model Code 90 [47] 0.11 T7% 0.98 0.15
Mander et al. [50] 0.04 90% 1.02 0.08
Richart et al. [57] 0.77 -69% 1.08 0.31
Wau et al. [58] 1.42 -215% 1.49 0.27
Saatcioglu and Razvi [59] 0.72 -58% 1.14 0.27
Shah et al. [60] 0.18 60% 1.16 0.11
Lim and Ozbakkaloglu [61] 0.64 -42% 1.12 0.26
40 40
| (@) O Mean value (M) | () o
35 B Standard deviation (STD) 35
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Fig. 11. Comparison of (a) strength and (b) strain predictions by existing confinement models found in the
literature.

Fig. 11a and Fig.11b compare, respectively, the compressive strength and axial strain predictions
provided by existing confinement models for the PTMS-confined RAC cylinders. The results indicate that
some models reasonably predict the results of the PTMS-confined RAC cylinders tested in this study,
although most models tend to overpredict the results. These discrepancies were expected since the existing
models were developed for NAC cylinders. The different mechanical behaviour between NAC and RAC
suggests the need for developing a new confinement model for PTMS-confined RAC cylinders. Such a new
model is also necessary to produce design tools (e.g. [62-65]), which in turn promote the broader adoption
of PTMS in practice. As a result, sections 4.1.3 and 4.1.4 propose new empirical models based on statistical
polynomial regressions from the experimental results presented in previous sections. A validation of the
proposed models is also provided.

4.1.3 Ultimate axial strength prediction model

Fig. 5a illustrates that the strength gained from PTMS confinement does not exhibit a fully linear
relationship with increasing confinement ratios. Thus, Equation 11 is introduced here to estimate the
strength of RAC cylinders confined with PTMS. This empirical equation adopts statistical regression
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techniques to correlate the confinement ratios and the confined strength of RAC cylinders. To achieve this,
Python coding and Excel regression analyses were adopted. This statistical analysis sufficiently captured
the PTMS-confined RAC's complex linear and non-linear relationship.

Tome _ 09721123 P (11)
co,RAC

Fig. 12 shows that the proposed model predicts the normalised strength (f../f.,) as a function of
confinement ratio (p,) well, as the prediction closely aligns with the data points from various other
predictive models and test results. Indeed, Equation 11 yields a high R* value of 98.6%, thus indicating
that the model accurately captures the variance in the test results. Similarly, the model estimates well the
confined strength of the tested cylinders, achieving a Pred./Exp mean value of 1.0 with a standard deviation
of 0.05. The power on the confinement ratio (p,) considers that the confinement ratio and confined strength
do not have a perfect linear relationship. The model indicates that each unit increase in p, enhances the ratio
feclfeo by approximately 1.23, with an intercept of 0.972. Whilst some outliers exist in the data (particularly
at high confinement ratios), they are relatively independent of the model's overall reliability. Consequently,
the newly suggested model is considered appropriate for predicting the strength of PTMS-confined concrete
cylinders.

6.0
feerac "
-2 = 0.972 + 1.23p, 1015
fco,RAC
5.0 A
—_ R? =0.9860 §
L,‘co) @ Testresult
@ Richart et al.
< 407 (] V  Mander et al.
B A Saatcioglu and Razvi
g B Leeetal
o 3.0 B Shahetal
o ¢ Wuetal.
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Fig. 12. Prediction of normalised PTMS-confined strength given by proposed model (Eg. 11) and other confinement
models in the literature.

4.2 Peak axial strain

4.2.1 Comparison of existing model vs test results

Table 7 compares the strain predictions provided by existing models for PTMS-confined RAC
cylinders. The results show that Moghaddam et al.’s [42] model predicts the experimental results well
(Pred./Exp. = 1.02, standard deviation = 0.23). The other models have negative R? values, indicating a poor
fit to the experimental results. These findings suggest the necessity for a new model to predict the peak
strain of PTMS-confined RAC cylinders.
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Table 7. Prediction of axial strain provided by existing models

Models Mean square Coefficient of Pred./Exp Standard deviation
error (MSE) determination (R?) ' ' (STD)
Awang [17] 66.4 -295 3.70 2.40
Lee et al. [32] 3.55 -14.84 1.29 0.79
Chin et al. [33] 0.36 -0.62 0.71 0.18
Moghaddam et al.[42] 0.19 0.26 1.02 0.23
Model Code 90 [47] 0.51 -1.28 0.86 0.33
Mander et al. [50] 17.66 -68.24 243 1.33
Richart et al. [57] 17.66 -68.24 2.38 1.30
Wau et al. [58] 55.09 -244.00 2.78 2.67
Saatcioglu and Razvi [59] 43.56 -169.78 2.7 2.30
Shah et al. [60] 0.09 0.57 3.64 0.59

4.2.2 Peak axial strain prediction model

The variability in strain results indicates that a polynomial regression with two independent variables
(normalised strain and confinement ratios) is suitable for proposing an empirical model for PTMS-confined
RAC cylinders. The statistical polynomial regression correlated the ratios of €./ €., to foo/fo and p. (see Fig.
13), thus leading to Equation 12. As such, Equation 12 calculates the peak strain (corresponding to
ultimate stress) of PTMS-confined RAC cylinders:

2
Lapac _ 2.85—1.95£+4.03pv +0.13(£] -0.89p7 (12)
gco,RAC fco f
Fig. 13 and Equation 12 also show a coefficient of determinacy R’= 96.99% and an MSE= 0.0067,
indicating that the suggested model can reliably predict the strains in PTMS-confined RAC cylinders.
Moreover, Equation 12 leads to a mean Pred./Exp ratio of 1.0 and a standard deviation of 0.05.

co
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Fig.13. Prediction of normalised PTMS-confined strain given by proposed model (Eg. 12) and other confinement
models in the literature.

4.3 Comparison with experimental results

Table 8 compares the predictions by the suggested model (Equations 11 and 12) and the test results
obtained from the PTMS-confined RAC cylinders, including the Pred./Exp. ratio. Likewise, Fig. 14
compares the stress-strain relationships given by the new suggested model vs the experimental curves. The
results indicate that Equations 11 and 12 predict the strength and strain values of PTMS-confined RAC
cylinders well. Equation 11 leads to low error rates and a high R? value of 98.6%. Likewise, Equation 12
has an R? of 96.99% and adequately predicts the strain of PTMS-confined RAC cylinders (see Fig. 14).
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Table 8. Stress-strain predictions given by proposed model vs experimental results

. Experimental values Predicted values Pred./EXp.
Specimen ID Py fooffoe cdl £co fool feo Ecol Eco Stress  Strain
Cy-R24-c-1 0.00 1.00 1.00 1.00 1.00 0.97 1.03
Cy-R24-c-2 0.00 1.00 1.00 1.00 1.00 0.97 1.03

Cy-R24-1L55-1 0.35 1.29 1.90 1.44 1.83 1.09 0.99
Cy-R24-1155-2 0.35 1.40 1.88 1.44 1.66 1.01 0.91
Cy-R24-1L38.30-1 0.52 1.50 1.94 1.65 2.01 1.07 1.07
Cy-R24-11.38.30-2 0.52 1.59 2.04 1.65 1.88 1.01 0.95
Cy-R24-1L25-1 0.80 2.05 1.98 2.01 2.00 0.95 1.04
Cy-R24-11.25-2 0.80 2.10 1.98 2.01 1.92 0.93 1.00
Cy-R24-21.25-1 1.60 2.96 2.58 3.03 2.31 1.00 0.98
Cy-R24-21.25-2 1.60 2.89 2.56 3.03 2.40 1.02 1.00
Standard Deviation (STD)  0.05 0.05
Mean Values  1.00 1.00
60
R24-c-1 R24-1L57.5-1 R24-1L38.30-1 R24-11.25-1 R24-21.25-1
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Fig. 14. Comparison of stress-strain relationship given by proposed model vs experimental curves.

It should be pointed out that the suggested model is only applicable for high RCA contents, such as
the ones in this study, where all of the coarse aggregate contains RCA. To date, there is no additional
literature on PTMS-confined RAC cylinders with large volumes of RCA. Thus, more studies are required
to confirm the model's validity using other experimental datasets and to extend the model to incorporate
different amounts of RCA. Moreover, the experiments performed here did not cover the descending part of
the stress-strain behaviour, and therefore this is a matter of future research. Further research should also
investigate other variables such as shape (square, rectangular) to assess the confinement effectiveness, and
the height of specimen to assess the effects of slenderness on the response of RAC elements.

5 Conclusions and recommendations

This study proposes a new constitutive model for recycled aggregate concrete cylinders actively
confined with PTMS. RAC cylinders (2150x300 mm) with different confinement ratios (p, =0, 0.35, 0.52,
0.80 or 1.6) were subjected to axial compression until failure to determine their maximum strength and
axial strains. The RAC was produced using RCA as coarse aggregate, considering three compressive
strengths: 15 MPa (M15), 21 MPa (M21) and 24 MPa (M24). Based on the test results and on regression
analyses, a new stress-strain constitutive model is proposed to assess the effectiveness of the PTMS
confinement on RAC cylinders. Key conclusions from this research are:

® The active confinement provided by the PTMS improved the strength and deformability of RAC
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cylinders. For confinement ratios (pv) of 0.35, 0.52, 0.80, and 1.6, the enhancements were 29%, 50%,
105%, and 196%, respectively. Likewise, the PTMS confinement increased the axial strains by 90%
to 158%, corresponding to the confinement ratios of 0.35 and 1.6, respectively.

® The test results show that higher initial concrete strengths resulted in a more pronounced increase in
confined strength with increasing confinement ratios due to the higher effectiveness of the PTMS
technique. At a confinement ratio of 0.75, the strength increased by approximately 117% for M24,
84% for M21, and 56% for M15, demonstrating that higher initial concrete strengths benefit more
from confinement.

® Based on the experimental results, a novel constitutive model for PTMS-confined RAC cylinders was
presented. The suggested model estimated the strength and strain of the tested cylinders based on the
confinement ratio. The model's prediction-to-experiment ratio (Pred./Exp.) was 1.0, with a standard
deviation 0.05.

It is important to note that the suggested model is only applicable to high RCA contents like those used
in this study (with coarse aggregate made entirely of RCA). Research on PTMS-confined RAC cylinders
containing high volumes of RCA is currently lacking in the literature. Thus, additional research is needed
to confirm the model's accuracy with different experimental datasets and to expand the model's applicability
to other RCA proportions. Further research should also investigate other variables such as shape (square,
rectangular) and height to assess the effects of confinement effectiveness and slenderness on the response
of RAC elements.
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Appendix A: Details of tested cylinders

Concrete d h S' fie

Specimen ID type mm mm (mm) n (MPa) pv Remarks
Cy-R24-c-1 RAC- 24 151.58 304.82 0 0 0 0 Control
Cy-R24-c-2 RAC- 24 151.58 304.82 0 0 0 0 Control

Cy-R24-1155-1 RAC- 24 151.58 304.82 55.00 1.00 0.73 0.35
Cy-R24-11.55-2 RAC- 24 151.58 304.82 55.00 1.00 0.73 0.35
Cy-R24-11.38.30-1 RAC- 24 151.58 304.82 38.30 1.00 1.64 0.52
Cy-R24-11.38.30-2 RAC- 24 151.58 304.82 38.30 1.00 1.64 0.52
Cy-R24-11.25-1 RAC- 24 151.58 304.82 25.00 1.00 3.84 0.8
Cy-R24-11.25-2 RAC- 24 151.58 304.82 25.00 1.00 3.84 0.8
Cy-R24-21.25-1 RAC- 24 151.58 304.82 25.00 2.00 15.36 1.6
Cy-R24-21.25-2 RAC- 24 151.58 304.82 25.00 2.00 15.36 1.6
Cy-N24-c-1 NAC -24 151.58 304.82 0 0 0 0 Control
Cy-N24-L55-1 NAC -24 151.58 304.82 55.00 1.00 0.73 0.35
Cy -N24-11.38.30-1 NAC -24 151.58 304.82 38.30 1.00 1.64 0.52
Cy-N24-11.25-1 NAC -24 151.58 304.82 25.00 1.00 3.84 0.8
Cy-N24-21.25-1 NAC -24 151.58 304.82 25.00 2.00 15.36 1.6
Cy-R21-c-1 RAC- 21 151.58 304.82 0 0 0 0 Control
Cy-R21-1L-55-1 RAC- 21 151.58 304.82 55.00 1.00 0.83 0.40
Cy-R21-1L-38.3-1 RAC- 21 151.58 304.82 38.30 1.00 1.87 0.60
Cy-R21-1L-25-1 RAC- 21 151.58 304.82 25.00 1.00 4.39 0.91
Cy-R21-2L-25-1 RAC- 21 151.58 304.82 25.00 2.00 17.55 1.83
Cy-N21-c-1 RAC- 21 151.58 304.82 0 0 0 0 Control
Cy-N21-1L-55-1 RAC- 21 151.58 304.82 55.00 1.00 0.83 0.40
Cy-N21-1L-38.3-1 RAC- 21 151.58 304.82 38.30 1.00 1.87 0.60
Cy-N21-1L-25-1 RAC- 21 151.58 304.82 25.00 1.00 4.39 0.91
Cy-N21-2L-25-1 RAC- 21 151.58 304.82 25.00 200 17.55 1.83
Cy-R15-c-1 RAC- 15 151.58 304.82 0 0 0 0 Control
Cy-R15-1L-55-1 RAC- 15 151.58 304.82 55.00 1.00 1.16 0.56
Cy-R15-1L-38.3-1 RAC- 15 151.58 304.82 38.30 1.00 2.62 0.84
Cy-R15-1L-25-1 RAC- 15 151.58 304.82 25.00 1.00 6.14 1.28
Cy-R15-2L-25-1 RAC- 15 151.58 304.82 25.00 200 24.58 2.56
Cy-N15-c-1 NAC- 15 151.58 304.82 0 0 0 0 Controlled
Cy-N15-1L-55-1 NAC- 15 151.58 304.82 55.00 1.00 1.16 0.56
Cy-N15-1L-38.3-1 NAC- 15 151.58 304.82 38.30 1.00 2.62 0.84
Cy-N15-1L-25-1 NAC- 15 151.58 304.82 25.00 1.00 6.14 1.28
Cy-N15-2L-25-1 NAC- 15 151.58 304.82 25.00 2.00 24.58 2.56

Note: D = diameter of cylinder specimen, /# = height of specimen, S’ = spacing of PTMS, n = number of metal strap
layers, fie = effective confinement pressure, p, = effective volumetric confinement ratio.
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Appendix B: Summary of the experimental result of tested specimens

Specimen 1D P(kN) J(mm) f. (MPa) fuff., Ecc gl €0 fie (MPa)  py  Remarks

Cy-R24-c-1 321.29 1.53 17.80 1.00  0.005 1.00 0 0 Control

Cy-R24-c-2 293.67 1.45 16.27 1.00 0.0048 1.00 0 0
Cy-R24-11L55-1 414.16 2.90 22.95 1.29 0.0095 1.90 0.73 0.35
Cy-R24-1L57-2 410.70 2.75 22.76 1.40 0.009 1.88 0.73 0.35

Cy-R24-11.38.30-1 481.97 2.97 26.71 1.50 0.0097 194 1.64 0.52
Cy-R24-1L38.30-2 466.51 2.99 25.85 1.59 0.0098 2.04 1.64 0.52

Cy-R24-11.25-1 657.71 3.01 36.45 2.05 0.0099 198 3.84 0.8
Cy-R24-1L.25-2 617.63 2.89 34.23 2.10 0.0095 198 3.84 0.8
Cy-R24-21.25-1 952.21 3.21 52.77 296 0.0122 2.44 15.36 1.6
Cy-R24-21.25-2 848.73 3.79 47.03 2.89 0.0118 2.46 15.36 1.6
Cy-N24-c-1 399.62 1.15 22.145 1.00  0.004 1.00 0 0 Control
Cy-N24-1.55-1 456.21 2.16 25.281 1.14  0.008 1.88 0.73 0.35
Cy -N24-11.38.30-1 527.11 2.35 29.210 1.32  0.007 2.04 1.64 0.52
Cy-N24-11.25-1 711.57 2.53 39.431 1.78  0.009 2.20 3.84 0.8
Cy-N24-2L.25-1 1041.96 2.71 57.740 2.61 0.008 2.36 15.36 1.6
Cy-R21-c-1 283.62 1.58 15.72 1.00 0.010 1.00 0 0 Control
Cy-R21-1L-55-1 399.68 2.22 22.15 1.41 0.01 1.41 0.83 0.40
Cy-R21-1L-38.3-1 447.87 2.00 24.82 1.58 0.01 1.27 1.87 0.60
Cy-R21-1L-25-1 558.93 2.99 28.09 1.97  0.02 1.89 4.39 0.91
Cy-R21-2L-25-1 833.24 3.88 40.14 2.94 0.019 2.46 17.55 1.83
Cy-N21-c-1 319.75 2.03 17.72 1.00 0.013 1.00 0 0 Control
Cy-N21-1L-55-1 414.32 4.00 22.96 1.30  0.026 1.97 0.83 0.40
Cy-N21-1L-38.3-1 484.78 1.80 26.86 1.52  0.012 0.89 1.87 0.60
Cy-N21-1L-25-1 548.61 3.75 30.40 1.72  0.025 1.85 4.39 0.91
Cy-N21-2L-25-1 851.26 2.78 47.17 2.66 0.018 1.37 17.55 1.83
Cy-R15-c-1 242.68 0.64 13.45 1.00  0.004 1 0 0 Control
Cy-R15-1L-55-1 348.58 1.00 19.32 1.44  0.01 1.56 1.16 0.56
Cy-R15-1L-38.3-1 382.02 1.56 21.17 1.57 0.01 2.44 2.62 0.84
Cy-R15-1L-25-1 493.92 2.95 27.37 2.04  0.02 4.61 6.14 1.28
Cy-R15-2L-25-1 709.17 3.36 39.30 2.92 0.02 5.25 24.58 2.56
Cy-N15-c-1 280.03 1.69 15.52 1.00  0.011 1.00 0 0 Control
Cy-N15-1L-55-1 350.29 3.94 19.41 1.25  0.026 2.33 1.16 0.56
Cy-N15-1L-38.3-1 416.85 4.14 23.10 1.49  0.027 2.45 2.62 0.84
Cy-N15-1L-25-1 514.68 4.66 28.52 1.84  0.031 2.76 6.14 1.28
Cy-N15-2L-25-1 861.51 8.77 47.74 3.08 0.058 5.19 24.58 2.56

Note: P = axial force, 0 = axial deformation, fe, = unconfined stress, f.c = confined stress, f../fco = normalised stress, =
£cc = axial strain, ec/eco = normalised strain, fie = effective confinement pressure, p, = effective volumetric confinement
ratio.
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