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ARTICLE INFO ABSTRACT
Keywords: Engineered cementitious composite (ECC) exhibits excellent tensile properties and strain-
Engineered cementitious composites (ECC) hardening behaviour, which has proven to be a potential material for addressing the brittle
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Punching shear
Failure mode
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failure mode occurred in reinforced concrete (RC) flat systems. This study employs a systematic
experimental and theoretical approach to investigate the improvement of punching shear
behaviour in slab-column connections through the incorporation of ECC. Eight connections were
designed accounting for the effects of ECC zone area, steel reinforcement ratio, and fibre type and
dosage in ECC, which were subjected to concentric loading to investigate the load-bearing ca-
pacity, crack patterns, deformation characteristics and failure mechanisms. Experimental results
indicate that all specimens ultimately failed through punching shear, while ECC-enhanced con-
nections exhibited significantly improved ductility compared to conventional RC counterparts.
ECC increased the first crack load and load-bearing capacity of connections by 18.58-33.31 %
and 34.15-37.76 %, respectively. Yielding of the reinforcing bars was observed in all specimens,
with higher reinforcement ratios and fibre dosages enhancing the yield load. Increasing the
polyethylene (PE) fibre dosage in ECC from 1.0 % to 2.0 % led to a rise of the load capacity,
deformation resistance and yield load. ECC with hybrid steel (0.5 %) and PE (1.5 %) fibres
enhanced the structural stiffness but had a negligible effect on punching shear capacity when
compared to ECC containing 2 % PE fibres. Punching shear failure surfaces consistently formed
outside the ECC zone, effectively expanding the base perimeter of the shear cone and increasing
the critical punching shear crack angle, which was considered to determine the critical section
coefficient k. Applying the modified k to GB50010-2010 and DIN 1045-1 provisions gave ac-
curate predictions of the punching shear strength for ECC-enhanced connections featuring critical
sections of the punching shear cones outside the ECC zone.
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1. Introduction

Reinforced concrete (RC) flat slab system, characterised by the elimination of beams, enables efficient construction with typical
column spacings of 4.5-6.0 m [1,2]. It has been widely adopted for different infrastructures such as buildings and underground
parking garages because of the cost-effectiveness, enhanced spatial efficiency and simplified formwork requirements [3-5]. However,
the absence of beam supports could induce concentrated transfer of bending moments and shear forces directly at slab-column con-
nections. Such load transfer mechanism predisposes the connections to sudden punching shear failure, a brittle failure mode, which
severely constrains the load and deformation capacities. More critically, such localised damage can trigger progressive collapse
through sequential failure propagation within the slab system, posing significant safety risks [6-8].

The brittle punching shear failure observed in RC connection can be primarily attributed to the inherent brittleness of normal
concrete [9]. Fibre reinforced concrete offers a viable strategy for enhancing the punching shear behaviour of these connections
[10-13], since fibres can enhance the tensile properties and ductility of concrete. Engineered cementitious composites (ECC) have
pseudo strain-hardening behaviour and excellent tensile properties [14,15]. ECC can achieve an ultimate tensile strain over 3 %, which
is greater than that of normal concrete with a tensile strain of 0.1 % [16-18]. Incorporating ECC into structural members can delay
steel reinforcement yielding while enhancing load-bearing capacity and ductility [19-24]. Recent studies have investigated the sig-
nificance of ECC in enhancing the punching shear behaviour of concrete slabs [25-27]. In a previous study of the authors [25],
small-scale (400 mm x 400 mm x 40 mm) ECC slabs were tested to characterize the effects of fibre dosage and span-to-depth ratio on
the punching shear behaviour. It was found that ECC slabs exhibited an improved punching shear performance and a more ductile
failure mode compared to normal concrete slabs. Compared to RC slab-column connections, reinforced ECC (RECC) specimens showed
superior punching shear performance, characterized by a more ductile failure mode, progressive crack propagation, and greater energy
dissipation [26,27]. Due to the potential economic constraints of constructing entire slabs with ECC in practical engineering appli-
cations, a proposed solution involves strategically utilising ECC specifically in the core areas of connections to enhance both punching
shear capacity and ductility within flat slab systems.

Recent studies on punching shear behaviour of connections with ECC confirm the effectiveness of incorporating ECC in RC con-
nections [28-34], in which vertical loads were directly applied to the slab-column connections and the effect of ECC zone area was
systematically examined. It was observed that incorporating ECC can substantially enhance the punching shear resistance and overall
ductility of the connection. The use of ECC shifts the failure mechanism from brittle punching shear to a more ductile shear-flexural
mode. Expanding the ECC zone progressively improves the punching shear resistance until critical dimensions are reached, beyond
which the strengthening effect declines markedly with further area extension. The balance between performance enhancement and
economic cost should be considered for the optimisation of ECC zone size.

The existing studies [28-34] have provided valuable insights into the application of ECC in slab-column connections, while there
still exist some limitations. Although preliminary investigations have confirmed that localised ECC zones can moderately enhance
connection performance, the current understanding is predominantly limited to the isolated effects of ECC area. Research on the effects
of reinforcement ratio, fibre type and fibre dosage in ECC on the punching shear response of flat slab system are not yet well un-
derstood. Given the relatively high cost of fibres, careful selection of fibre type and dosage is therefore essential for cost-effective
engineering applications. Moreover, the punching shear failure surface in connections often extends beyond the ECC zone, the crit-
ical behavioural characteristics were not considered in current design codes, which rely on simplified concentric failure perimeters.
The current experimental database remains insufficient to establish reliable model and parameters that accurately characterise the
underlying mechanisms of punching shear resistance, and thus further experimental studies are needed.

This study investigates the punching shear behaviour of slab-column connections incorporating ECC with PE and hybrid steel/PE
fibres in the core area. PE fibres provide exceptional tensile strain capacity and inherent corrosion resistance, while steel fibres
contribute to enhanced stiffness. Eight connections were tested under concentrated loading to evaluate the effects of ECC zone area,
steel reinforcement ratio, fibre type and fibre dosage in ECC on mechanical behaviour in terms of crack development, failure mode,
critical loads and corresponding deflections. Importantly, as punching shear failure surfaces extended beyond the ECC zone, the critical
shear perimeter was modified and integrated into existing design codes, providing a novel approach for predicting the punching shear
strength of ECC-strengthened connections. This study offers both mechanistic insights and practical design guidance for the imple-
mentation of ECC in high-performance structural connections.

Table 1

Mix proportions of ECC (kg/ms).
Mix ID Cement Fly ash Sand Water Water reducer PE fibre Steel fibre
PE1-ECC 305.39 997.23 462.74 359.13 1.53 9.7
PE2-ECC 19.4 -
SP2-ECC 14.55 39.25

Note: Fibres are specified by volume fraction, whereas all other constituents are proportioned by mass ratio.
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2. Experimental program
2.1. Materials and testing

ECC with varying fibre dosages (1 % and 2 % by volume) and fibre types (PE and steel), designated as PE1-ECC, PE2-ECC and SP2-
ECC, were prepared. All mixes were prepared using P.O 42.5 cement, Class I fly ash, and quartz sand. Fine aggregate consisted of
70-120 mesh quartz sand. The mix proportions adopted in this study were listed in Table 1. For PE1-ECC and PE2-ECC, PE fibres were
incorporated at dosages of 1 % and 2 %, respectively, while a hybrid of 0.5 % steel fibres and 1.5 % PE fibres by volume was adopted
for SP2-ECC. The PE fibre is a monofilament with a smooth, glossy surface and is coated with silane coupling agents to enhance
interfacial bonding with the cementitious matrix. The steel fibre is of a straight type, exhibiting a light grey metallic lustre, and has
been galvanized to enhance both its corrosion resistance and interfacial adhesion with the matrix. The mechanical properties and
images of the PE and steel fibres are presented in Table 2.

As per GB50010-2015 [35], six concrete cubes (150 mm cubes) were prepared and 28-day compressive strength was tested using a
3000 kN capacity universal hydraulic testing machine. The measured average compressive strength was 40.81 MPa, exhibiting a
coefficient of variation (CoV) of 1.03 %. The 12-mm diameter HRB400 steel bars were adopted as internal reinforcement, the yield
strength and ultimate tensile strength of which were 438 MPa (CoV = 2.61 %) and 630 MPa (CoV = 1.30 %), respectively.

Following JC/T 2416-2008 [36], dog-bone-shaped samples were used for tensile testing, while cubic specimens (side length of
100 mm) were prepared for compressive strength assessment of ECC. Fig. 1 shows the uniaxial tensile loading setup and typical tensile
stress-strain curves of the ECC specimens. Six identical tensile and compressive specimens were tested and the average values of
strengths of ECC are summarized in Table 3. The increase in fibre dosage from 1.0 % to 2.0 % had a negative effect on the compressive
strength of ECC, consistent with the findings reported in Ref [32]. PE2-ECC exhibited an average compressive strength of 40.99 MPa,
which was 9.47 % lower than that of PE1-ECC. Replacing 0.5 % of PE fibre with steel fibre in ECC had no significant impact on its
compressive behaviour. In contrast, a fibre dosage from 1 % to 2 % enhanced the tensile performance, as evidenced by the PE2-ECC
achieving a tensile strength of 5.05 MPa and an ultimate tensile strain of 2.68 %, representing increases of 33.95 % and 165.35 %,
respectively, compared to PE1-ECC. Dense micro-cracks appeared in the tensile zone of PE-ECC with a fibre dosage of 2 %, while a few
cracks were observed in the PE-ECC with a fibre dosage of 1 %. SP2-ECC also exhibited strain-hardening behaviour, with its tensile
properties lower than those of PE2-ECC.

2.2. Specimen design

Eight slab-column connections were prepared, including two RC slab-column connections cast entirely with normal concrete and
six RC connections enhanced with ECC. In the enhanced connections, ECC was cast within and around the column, while the reminding
slab portions were made from normal concrete (Fig. 2b). Four variables were considered including ECC zone area, steel reinforcement
ratio, fibre type and fibre dosage in ECC. Table 4 shows the details of all specimens. As per GB 50010-2010 [35], RC slab-column
connections were reinforced with steel reinforcement ratios of 1.0 % and 1.5 % to prevent the slabs from experiencing a flexural
failure mode. NC-1.0 referred to the RC connection specimen reinforced with a ratio of 1.0 %, while the other with 1.5 % was named as
specimen NC-1.5. The remaining connections enhanced with ECC were named as EC-X-Y-Z, where EC denotes the reinforced concrete
connections with ECC, X represents the steel reinforcement ratio, Y indicates the fibre types and Z is the side length of ECC zone. As
reported in a previous study [28], the angle of punching shear failure surface of slabs ranged from 26.6° to 45°, accompanied by failure
zone side lengths between 440 mm and 692 mm. In this study, the side lengths of ECC in connections were set as 440, 560 and 680 mm,

Table 2
Properties and images of PE and steel fibres.
Fibre type Density Length (mm) Diameter (mm) Tensile strength (MPa) Elastic modulus (GPa) Image
(kg/m3)
PE 0.97 12 0.024 3000 116

Steel 7.80 13 0.220 2850 210
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Fig. 1. Direct tensile test of ECC samples: (a) loading setup and sample dimension; and tensile stress-strain curves of (b) PE1-ECC, (c) PE2-ECC and
(d) SP2-ECC.

Table 3
Uniaxial tensile and compressive properties of ECC.
Mix ID Tensile strength (MPa) Tensile strain (%) Compressive strength (MPa)
PE1-ECC 3.77 £ 0.19 1.01 +0.09 45.28 +1.45
PE2-ECC 5.05 £0.11 2.68 + 0.08 40.99 + 1.02
SP2-ECC 4.05 £+ 0.09 1.18 £ 0.03 43.40 +1.20

Note: The tensile strain refers to the axial strain recorded at the peak tensile stress (i.e., tensile strength) of the specimen.

respectively, corresponding to perimeters at distances equal to 1.0, 1.5 and 2.0 times the slab thickness from the column face. For
instance, specimen EC-1.0-PE2-440 represented an RC connection enhanced with ECC (including 2 % PE fibre) and the side length of
ECC zone was 440 mm.

Fig. 2 illustrates the dimensions and reinforcement configurations of RC connections with and without ECC. All slabs had identical
dimensions, with on each side of 1400 mm and thickness of 120 mm. The lower column (60 mm tall) and upper column (120 mm tall)
shared identical cross-sectional dimensions of 200 mm x 200 mm. As per GB50010-2010 [35], the clear concrete cover was set as
20 mm for both slab and column. The steel reinforcement of the slabs consisted of 12-mm HRB400 rebars, arranged at 120-mm spacing
in two orthogonal directions on the tensile side, achieving a flexural reinforcement ratio of 1.0 %. For connections with a 1.5 %
reinforcement ratio, the rebar spacing was reduced to 80 mm. Longitudinal reinforcement comprised four rebars of 14 mm diameter in
the column, and transverse reinforcement consisted of 8 mm diameter rebars arranged at 60 mm vertical spacing.
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Fig. 2. Details of connections: (a) RC connection, (b) connections enhanced with ECC, and (c) reinforcement configurations (unit: mm).

Table 4

Details of the test specimens.

Specimen ID Concrete type Steel reinforcement ratio Fibre type Fibre dosage Side length of ECC zone (mm)
NC-1.0 NC 1.0 % - - -

NC-1.5 NC 1.5% - - -

EC—1.0-PE2-440 NC+ECC 1.0 % PE 2% 440

EC—1.0-PE2-560 NC+ECC 1.0 % PE 2% 560

EC—1.0-PE2-680 NC+ECC 1.0 % PE 2% 680

EC—1.0-SP2-440 NC+ECC 1.0 % SF+PE 2% 440

EC—1.0-PE1-440 NC+ECC 1.0 % PE 1% 440

EC—1.5-PE1-440 NC+ECC 1.5% PE 1% 440

... Concrete zone

£

Fig. 3. Preparation of connections with ECC: (a) set up the formwork and install reinforcement stage, (b) pouring normal concrete, (c) vibrating

concrete, (d) interfacial roughening by chiselling, and (e) hardened connections with ECC.
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2.3. Specimen preparation

For specimens NC-1.0 and NC-1.5, wooden formwork was constructed to match the connection dimensions, and the steel rein-
forcement cage was subsequently placed inside. For the remaining specimens strengthened with ECC, a specialized formwork system
was employed to demarcate the normal concrete and ECC zones (Fig. 3a). First, normal concrete was poured and internally vibrated to
ensure proper compaction. The prepared connections were cured in the lab for 24 h. After curing, the separated formwork was
removed, and the concrete surface was chiselled to enhance the interfacial bonding with ECC (Fig. 3d). ECC was then poured into the
remaining areas of the slabs and columns, with dog-boned specimens and cubes cast simultaneously. Finally, all prepared specimens
(Fig. 3e) were covered with plastic sheets for curing and tested at 28 d.

2.4. Test method

All specimens were tested using a 100 kN electronic universal testing machine, as shown in Fig. 4a. The loading rate of the
specimen was 0.2 mm/min. The specimens were supported by a square steel frame with an internal side length of 1200 mm. The
supporting frame was reinforced with vertical stiffeners to prevent deformation beneath the slab during testing. The test was termi-
nated at the point where the load dropped to 80 % of the maximum load capacity reached.

A linear variable differential transformer (LVDT) with a 100 mm maximum range was mounted beneath the slab to measure central
deflection and support settlement. Strain gauges were affixed to the centre of the longitudinal rebars to measure their strain. The layout
of LVDTs and strain gauges on the rebars is illustrated in Figs. 4b and 4c.

P
o
N

—
o

Ny

100
fett

Fig. 4. Test setup and locations of measurement instrumentation: (a) test device, (b) arrangement of LVDT on the tensile side, and (c) strain gauges
on steel rebars (unit: mm).
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3. Experimental results and discussion
3.1. Crack development and failure patterns

3.1.1. Cracks on tensile side

Fig. 5 displays the crack development on the tensile side of two representative specimens NC-1.0 and EC-1.0-PE2-440 at different
loading steps. Three critical stages, i.e. 80 kN, 120 kN and 200 kN, identified from the crack development of specimen NC-1.0 were
selected to clearly illustrate the initiation and propagation of cracks with increasing applied load. Two distinct crack patterns can be
observed, including radial flexural cracks and circumferential punching shear cracks. The radial flexural cracks were distributed
perpendicular to the slab and column edges, and extending diagonally at an approximately 45° angle. Circumferential punching shear
cracks were found around the column edge within the ECC zone during the loading process.

The crack development for specimens NC-1.0 and NC-1.5 looked similar. The first visible crack started from a column corner,
followed by the formation of new radial cracks extending outward from the remaining column corners at approximately of 80 kN. As
the load increased to 120 kN, circumferential cracks appeared around the column edges, while the number of flexural cracks increased,
propagating towards the supporting edges. At 200 kN, the overall crack pattern essentially formed, comprising both flexural and shear
cracks. Noticeable circumferential cracks were formed around the column edges, while flexural cracks developed across the entire slab.

For ECC-enhanced connections, the first radial crack was visible perpendicular to the column edge, followed by two symmetric
cracks extending outward from all four sides of the column. At 120 kN, the initial flexural cracks grew towards the supporting edge,
while the formation of new flexural cracks took place and circumferential cracks can be found within the ECC application zone. At
200 kN, there existed fine flexural cracks within the ECC application zone, and the circumferential cracks progressively grew.

Fig. 6 presents the final patterns on the tensile side of the connections, along with the punching shear failure zone outlined by
dashed lines. No interfacial cracks formed between ECC and normal concrete, suggesting that ECC achieved a perfect bond with the
normal concrete. Multiple fine cracks appeared within the ECC zone, as a result of the strain-hardening behaviour of ECC. The
punching shear zone was expanded due to the incorporation of ECC. Specimen EC-1.0-PE2-440 with 2.0 % fibres had more fine cracks
compared to specimen EC-1.0-PE1-440 with 1.0 % fibres due to the superior tensile cracking resistance of ECC with more fibres.

3.1.2. Cracks on saw-cut section

Fig. 7 presents the crack patterns on the saw-cut cross-section views of all specimens, indicating the internal crack development and
failure mechanisms. The cutting sections were taken along the A-A and B-B planes indicated in Fig. 1. All specimens followed
punching shear failure, featured by the formation of punching shear cones and the absence of flexural cracks. In specimens NC-1.0 and
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Fig. 5. Crack development of representative specimens at different loading levels.
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Fig. 6. Crack patterns on the tensile sides of all specimens: (a) NC-1.0, (b) NC-1.5, (c) EC-1.0-PE2-440, (d) EC-1.0-PE2-560, (e) EC-1.0-PE2-680, (f)
EC-1.0-SP2-440, (g)EC-1.0-PE1-440, and (h) EC-1.5-PE1-440.

NC-1.5, failure propagated radially from the column edge, following a punching shear surface toward the tension zone of the slab. The
punching shear angles of specimen NC-1.0 were measured at 22° on the left side and 21° on the right side. In contrast, specimen with
higher reinforcement ratios led to a more pronounced shear failure plane, with measured angles of 26° and 29°. The higher bending
and shear strength of ECC leads to a larger punching failure surface for specimens reinforced with ECC. As a result, the critical
punching shear crack angle increased, ranging from 30° to 50°.

3.2. Load-deflection responses

Fig. 8 presents the load-deflection curves for the slab-column connections. The control specimens NC-1.0 and NC-1.5 exhibited a
brittle punching shear failure mode, featured by small deflections and a sudden drop in applied load. In contrast, the employment of
ECC in connection led to notable changes in peak states and developed trends. Connections enhanced with ECC exhibited large de-
formations and a more ductile response, indicative of a flexural-induced punching shear failure mode. This can be explained by the fact
that crack propagation can be effectively suppressed due to the high tensile strain capacity of ECC, resulting in a failure mode pre-
dominantly governed by flexural behaviour rather than by sudden punching shear failure. The employment of ECC led to a rise of crack
load by 18.58-33.31 % relative to RC connections. The pre-crack stiffness and post-crack stiffness of specimens strengthened with ECC
were higher the reference specimen NC-1.0.

3.2.1. Effect of reinforcement ratio

Fig. 9a shows the effect of reinforcement ratio on the load-deflection behaviour of RC connections by comparing specimen NC-1.0
(1.0 % reinforcement ratio) with specimen NC-1.5 (1.5 % reinforcement ratio). Increasing reinforcement ratio had a minimal effect on
the pre-cracking stiffness, as first crack behaviour was predominantly governed by the normal concrete’s tensile strength. In contrast,
the increase of reinforcement ratio significantly improved the post-cracking stiffness of RC connections, which can be primarily
ascribed to the role of steel bars during the elastic-plastic stage, and a higher steel reinforcement ratio enhances the tensile resistance,
mitigates crack propagation and improves the stiffness of the connections. Consequently, specimen NC-1.5 had smaller deformations
than the specimen with a lower reinforcement ratio, due to its similar peak load but higher post-crack stiffness.

Fig. Ob presents the effect of reinforcement ratio on the load-deflection behaviour of connections enhanced with ECC. The rein-
forcement ratios of EC-1.0-PE1-440 and EC-1.5-PE1-440 were 1.0 % and 1.5 %, respectively. Specimen EC-1.5-PE1-440 exhibited
similar pre-crack stiffness but higher post-crack stiffness compared to EC-1.0-PE1-440 as the connections enhanced with ECC had a
much better flexural behaviour, and an increased reinforcement ratio further improves its flexural stiffness. The deflection at the peak
load for specimen EC-1.5-PE1-440 was 16.19 mm, 22.39 % lower than that of specimen EC-1.0-PE1-440, ascribed to the ductile
flexural-induced punching shear failure mode of connections strengthened with ECC, where a higher reinforcement ratio increased
susceptibility to punching shear failure, leading to smaller deformations.

3.2.2. Effect of ECC zone area
Fig. 10 shows the effect of ECC zone area on the load-deflection behaviour by comparing specimen EC-1.0-PE2-440 with specimen
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Column

Fig. 7. Saw-cut cross-sections of all specimens: (a) NC-1.0, (b) NC-1.5, (c) EC-1.0-PE2-440, (d) EC-1.0-PE2-560, (e) EC-1.0-PE2-680, (f) EC-1.0-
SP2-440, (g) EC-1.0-PE1-440, and (h) EC-1.5-PE1-440.

EC-1.0-PE2-560 and specimen EC-1.0-PE2-680, which contained an ECC zone with a side length of 440, 560 and 680 mm, respec-
tively. The load-deflection curves of connections with ECC experienced a ductile manner with deformation exceeding 20 mm, maybe
due to the contribution of ECC in core area that can bear external loads together with rebars. The increase in ECC zone side length from
440 mm to 560 mm and 680 mm had no significant influence on the pre-crack stiffness of specimens, as all specimens exhibited similar
crack load behaviour. However, the post-crack stiffness of EC-1.0-PE2-560 was slightly lower than that of EC-1.0-PE2-440 and EC-1.0-
PE2-680. This discrepancy can be ascribed to a temporary drop in hydraulic pressure at 200 kN during the test of EC-1.0-PE2-560,
which resulted in a brief loss of load control and a slight reduction in the measured stiffness.

3.2.3. Effects of fibre type and dosage in ECC

Fig. 11 illustrates the effects of fibre type and dosage in ECC on the load-deflection behaviour by comparing specimen EC-1.0-
PE2-440 (with 2.0 % PE fibre), specimen EC-1.0-SP2-440 (with 0.5 % steel fibre and 1.5 % PE fibre) and specimen EC-1.0-PE1-440
(with 1.0 % PE fibre), which had the same reinforcement ratio and ECC zone area. The load-deflection curves of all specimens
exhibited ductile behaviour, confirming the beneficial influence of ECC in enhancing structural performance. The deflection under the
ultimate load of specimen EC-1.0-PE1-440 was 20.86 mm, 12.24 % and 8.31 % lower than that of specimens EC-1.0-PE2-440 and EC-
1.0-SP2-440, indicating that the increase of fibre dosage from 1 % to 2 % in ECC could effectively improve the deformation capacity of
the connections. Among them, specimen EC-1.0-SP2-440 exhibited the highest pre-crack and post-crack stiffness, followed by spec-
imen EC-1.0-PE2-440, while specimen EC-1.0-PE1-440 had the lowest stiffness. It suggests that incorporating steel fibre in ECC can
contribute to enhanced stiffness both before and after cracking. Compared to specimen EC-1.0-PE1-440 (with 1 % fibre), the pre-crack
stiffness and post-crack stiffness of EC-1.0-PE2-440 (with 2.0 % fibre) were higher, which can be attributed to the enhanced tensile
properties of ECC with a higher fibre dosage, as seen in Fig. 1, leading to a significantly enhanced deformation and stiffness resistance.
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3.3. Load-strain responses

Herein, the strains of steel reinforcement were evaluated under varying parameters, with strain data obtained as the average of two
readings recorded at the locations illustrated in Fig. 4c. The yield strain of steel reinforcement was determined as 2200 ue.

3.3.1. Effect of steel reinforcement ratio

Fig. 12a displays the load-strain curves of steel rebars in RC connections with varying steel reinforcement ratios. The strain of steel
reinforcement exceeded 2200 ue¢, indicating that steel reinforcement yielded in RC connections. Under the same load, specimen NC-1.0
exhibited a higher steel strain relative to specimen NC-1.5, suggesting that in connection with a lower steel reinforcement ratio, the
steel rebars carry a larger proportion of the applied load, resulting in increased strain under the same external force. The load cor-
responding to yield point of specimen NC-1.0 was 157.57 kN, which was 19.19 % lower than its counterpart with a steel reinforcement
ratio of 1.5 %, implying that connections with a higher steel reinforcement could bear greater external force before reaching yield.

Fig. 12b shows the load-strain curves of steel rebars in connections with ECC at different steel reinforcement ratios. A similar trend
was observed, where connections with a higher reinforcement ratio exhibited lower steel reinforcement strain under the same applied
load. The load at the yield point of specimen EC-1.0-PE1-440 was 155.3 kN, 30.03 % lower than that of specimen EC-1.5-PE1-440
with the load of 221.96 kN. In connections with ECC, the drop in steel strain and the rise in yield load due to a higher reinforcement
ratio were more pronounced against RC connections. This is primarily because RC connections typically exhibit brittle punching shear
failure, where the role of steel reinforcement is relatively limited. In contrast, connections with ECC tended to follow a flexural-induced
punching shear failure, making the reinforcement ratio a more significant factor in determining the overall mechanical performance.

3.3.2. Effect of ECC zone area

Fig. 13 demonstrates the load-strain curves of steel rebars in connections with varying ECC zone areas. The loads corresponding to
yield point of specimens EC-1.0-PE2-440, EC-1.0-PE2-560 and EC-1.0-PE2-680 were 200.75, 202.77, and 232.5 kN, respectively. A
larger ECC zone provided a broader area to resist compressive forces, further improving the yield load capacity of the connections.

3.3.3. Effects of fibre type and dosage in ECC

Fig. 14 presents the load-strain curves of steel rebars in connections with different fibre types and dosages in ECC. Under the same
load, specimen EC-1.0-PE1-440 exhibited the largest strain in steel reinforcement, while specimens EC-1.0-PE2-440 and EC-1.0-
SP2-440 had the similar value prior the yield point. The load corresponding to yield point of specimens EC-1.0-PE2-440, EC-1.0-
SP2-440 and EC-1.0-PE1-440 were 200.75, 211.49, and 155.3 kN, respectively. The fibre type in ECC with dosage of 2 % had a
minimal impact on the load transfer in connections. It is because the addition of steel fibre improved the elastic modulus and crack-
bridging efficiency in shear stress transfer across microcracks, while simultaneously imposing a reduction in tensile ductility. A higher
fibre dosage improved crack control and energy dissipation, reducing localised strain on the steel reinforcement and increasing the
yield load.

3.4. Load-bearing capacity

3.4.1. Effect of steel reinforcement ratio

Fig. 15a illustrates a comparison of the crack and peak loads of RC connections with different steel reinforcement ratios. Specimen
NC-1.0 had a crack load of 46.77 kN and a peak load of 306.42 kN, performing similarly to specimen NC-1.5, indicating that increasing
reinforcement ratios had a little effect on the bearing capacity of RC connection, governed by a brittle punching shear failure mode. In
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Fig. 13. Load-strain curves of connections with different ECC zone areas.
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Fig. 14. Load-strain curves of connections with ECC containing different fibre types and dosages.
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Fig. 15. Crack and peak loads of connections with different steel reinforcement ratios.

conclusion, under punching shear-controlled failure, increasing the steel reinforcement ratio did not obviously enhance the load-
bearing performance of RC connections.

Fig. 15b shows the crack and peak loads of RC connections enhanced with ECC with different steel reinforcement ratios. Increasing
the reinforcement ratio contributed to an increase in peak load for connections enhanced with ECC. Specimen EC-1.5-PE1-440
achieved a peak load of 381.41 kN, 16.39 % higher than that of specimen EC-1.0-PE1-440, attributed to the failure mode of con-
nections with ECC featured by flexural-induced punching shear failure mode.

3.4.2. Effect of ECC zone area

Fig. 16 shows the crack and peak loads of RC specimens enhanced with ECC with varying ECC zone areas. The crack loads of
specimens EC-1.0-PE2-440, EC-1.0-PE2-560 and EC-1.0-PE2-680 were 55.48, 60.01, and 62.35 kN, respectively. It indicates that a
larger ECC zone area exhibited an improvement of crack load for connections. In terms of peak load, an increase ECC zone area resulted
in a slight decrease in connections with ECC, as the punching shear cone formed the concrete region and the failure of connection was
mainly governed by the normal concrete strength. In conclusion, the side length ECC zone at distance equal to 1.0 times the slab
thickness from the column face would be the better choice.

3.4.3. Effects of fibre type and dosage in ECC

Fig. 17 presents the crack and peak loads of RC specimens enhanced with ECC, containing different fibre types and dosages.
Specimen EC-1.0-PE2-440, with a higher fibre dosage, outperformed its counterpart of specimen EC-1.0-PE1-440, improving the
connection’s crack load and peak load by 4.36 % and 17.20 %, respectively. It suggests that a higher fibre dosage can more effectively
enhance the bridging effect, delaying crack propagation and thereby improving the tensile resistance and crack control of the con-
nections. Specimen EC-1.0-SP2-440 had the largest crack load among these connections, implying that incorporating an appropriate
amount of steel fibres is more beneficial for enhancing the crack resistance of the connection compared to solely increasing the PE fibre
content (2.0 %). However, partially replacing PE fibres with steel fibres in ECC did not seem to affect the punching shear resistance of
connection, where specimen EC-1.0-PE2-440 had a peak load of 384.07 kN and specimen EC-1.0-SP2-440 had a peak load of
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Fig. 16. Crack and peak loads of specimens with different ECC zone areas.
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Fig. 17. Crack and peak loads of connections with ECC containing different fibre types and dosages.
384.36 kN.
4. Theoretical analysis
4.1. Characteristics of the failure zone

The critical punching shear perimeter is a critical parameter in predicting the punching shear resistance of slab-column connec-
tions. According to current design codes, e.g., GB50010-2010 [35] and ACI 318-19 [37], the coefficient k that affects the determi-
nation of uy is taken as 0.5 for normal RC connections. However, experimental observations revealed that the punching shear failure
surface did not initiate entirely from the column edge, and the bottom perimeter of the punching cone was notably expanded in
connections strengthened with ECC. This may be attributed to the inclusion of ECC, which altered the load transfer mechanism and
improved the flexural performance of the connection. As a result, the traditional definition of the critical punching shear perimeter
cannot be entirely applicable when ECC was used. To account for the enlarged failure surface and the corresponding increase in the
effective loading area, the critical punching shear perimeter should be modified to accurately evaluate the punching shear resistance of
connections incorporating ECC. Consequently, the revised critical punching shear perimeter uy is calculated as:

uy = 4(c + 2kho)# )
_a(r+m) —4c
k= ~ shy # (2)
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where uy is the critical punching shear perimeter, ¢ represents the side length of the ECC zone for ECC-strengthened connections or the
column side length for RC connections, k is the coefficient where the position of the critical section from the edge of the column, hy is
the effective depth of the slab, and r; and r;, are the average radius of the failure punching cone at the top and bottom sides of the tested
slabs, respectively. When the punching shear crack initiated at either the column edge or the ECC edge, the values of ¢ and r, were
identical.

Figs. 18 and 19 shows the relationship between the ratio of c to hy and coefficient k in connections with ECC. Through regression
fitting, the relationship between c/hg and coefficient k can be expressed ask = — 0.254(;5) + 2.22, witha R? value of 0.96. Moreover,
the linear regression yielded a small standard deviation of 0.0055 for this model, indicating high parameter stability.

4.2. Comparison with design codes and yield line theory

Five existing code provisions are summarised in Table 6 to compare their predictions with the modified coefficient k to evaluate
their applicability for estimating the punching shear strength of RC specimens with ECC. The value of ¢ was also adjusted to be the side
length of ECC zone considering the critical sections of the punching shear cones outside the ECC zone. Flexural strength evaluation of
ECC-enhanced connections was conducted using yield line theory, which has been derived and presented in a previous study [34].

Table 7 displays the experimentally measured punching shear resistance (Vgxp) and theoretical predictions obtained from existing
code designs after applying the modified coefficient k and yield line theory. The average ratio of experimental to theoretical strength
along with the corresponding CoV were calculated to provide insights into the accuracy and consistency of these predictions. It can be
seen that all predicted resistance based on existing code designs exhibited a small CoV, implying that the predictions are relatively
consistent and reliable across different design approaches, with low variability in the estimated punching shear capacities. The
modified GB50010-2010 [29] yielded an average ratio of 1.04 with a CoV of 6.30 %, suggesting a good agreement with the exper-
imental data for connections enhanced with ECC. In contrast, the modified ACI 318-19 [37] and FIB codes [38] led to average ratios of
0.91 (CoV=6.35 %) and 0.86 (CoV=7.90 %), indicating that these provisions tended to underestimate the punching shear resistance.
Meanwhile, the modified DIN 1045-1 [39] provision showed a good agreement with experimental results. However, EC2 provision
[40] significantly overestimated the punching shear resistance when the proposed coefficient k was used. Moreover, the estimated
flexural strengths based on the yield line theory are generally higher than experimental data, as the theory represents the ultimate limit
state of the member, assuming a fully plastic distribution of internal forces, assuming a fully plastic internal force distribution [41].

Fig. 20 illustrates the effect of ECC side length variation on the punching shear resistance predictions based on the existing design
codes. Most design codes except EC2 accurately estimated the punching shear resistance for connections with an ECC side length of
440 mm, maintaining an error margin within 15 %. It should be noted that the predictions for specimen EC-1.0-PE1-440 based on ACI
and FIB codes exceeded the 15 % error range. This suggests that a reduction of fibre dosage has a significant adverse effect on the
punching shear resistance of connections, although the failure surface formed outside the ECC zone, and its influence should be further
considered by introducing an appropriated factor. When the ECC side length was 560 mm ad 680 mm, corresponding to distances of
1.5 and 2.0 times the slab thickness from the column edge, the predictions based on GB 50010-2010, ACI and DIN 1045-1 showed
good agreement with the experimental results. In contrast, EC2 consistently underestimated the punching shear resistance, while FIB
code tended to overestimate it.

GB50010-2010 [35] and DIN 1045-1 [39] provided reliable estimate for connections enhanced with ECC after modification.
Further revisions of design codes should consider both dimension of ECC zone and material-specific parameters (e.g., fibre dosage) to
improve the accuracy of predictions for connections enhanced with ECC.

5. Conclusions

In this study, the punching shear behaviour of RC connections enhanced with ECC accounting for the effects of steel reinforcement

(a) Je——
Calculation section Punching shear crack

Tp

(b)

]

Tp
Fig. 18. Schematic diagram for calculating the punching shear capacity of the slab.
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Table 6
Summary of code provisions for predicting the punching shear strength.
Ref. Equations Critical perimeter
GB 50010-2010 Vp = 0.7pfuuoho uo = 4(c + ho)
. 1.2 asho k=05
=min(0.4 + —, 0.5 +
m ( . 4llm>
ACI 318-19 . 0.083a;hy 0.33 up = 4(c + ho)
V, = min(0.33fLunho. (0.17 + TS)\/FCumho, (017 + T)ﬁumho] o5
DIN 1045-1 2 1 uo = 4c + 3rh
Vy = 021(1 + 1 /229 (1000, 3umho e o
fo =15
200 <
144/, S20 Ay < 0.4f,/f, < 0.02
EC2 0.18 1 up = 4(c + hy)
Vp = TK(lOOpr)%mho k—20
200
K=+ /55520 /oy < 0.02
FIB uy = 4(c +
V, =K, \/fil;mhg k0: 0'5( ho)

= - <.
Ky = 15 00pdky = °
32
kje = ———>0.75
% T 16+d,
_ fy
wfl.SrShOEs

Note: f3,: the height effect coefficient, 1.0 if h< 800 mm; 0.9 if h> 2000 mm; f;: concrete axial tensile strength; f,: ratio of long side to short side of
column, 2 <f,< 4; a;: 40 for interior columns, 30 for edge columns, and 20 for corner column; f.: concrete cylinder compressive strength; p, and Py
relate to the bonded tension steel in x- and y- directions, respectively; K,,: parameter accounting for the effect of the width of the critical shear; kg,:
factor accounting for the effect of the aggregate size; y: slab rotation; E;: Young’s modulus of the flexural reinforcement; r: distance between the

centroid of the loaded area to the line of zero radial bending moments (line of contraflexure); d,: the maximum aggregate size.

Table 7

Comparison of experimental and theoretical results for connections with ECC.
Specimen ID VEXP/ 7] Vexp/Vact VEXP/ Voiv Vexp/Vica VEXP/ Ve Vexp / Vyir
EC-1.0-PE2-440 1.11 0.97 1.21 1.41 0.93 0.92
EC—1.0-PE2-560 1.03 0.90 1.08 1.26 0.83 0.90
EC—1.0-PE2-680 0.98 0.85 0.99 1.16 0.76 0.93
EC—-1.0-SP2-440 1.11 0.99 1.20 1.40 0.92 0.96
EC—1.0-PE1-440 0.94 0.84 1.02 1.19 0.79 0.89
EC—1.5-PE1-440 1.10 0.98 1.04 1.21 0.91 0.80
AVERAGE 1.045 0.922 1.09 1.272 0.857 0.900
CoV 6.41 % 6.67 % 7.85 % 7.78 % 7.79 % 5.56 %
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Fig. 20. A comparison between the experimental and predicted strengths of connections with ECC.

ratio, ECC zone area, and fibre type and dosage in ECC was investigated. The main conclusions are summarized as follows:

(1) Incorporating ECC into the connection zone could effectively improve the load-carry bearing capacity and modify the failure
response from punching shear mode to flexural-punching shear failure mode. An optimal ECC zone was achieved with a side length
equal to the slab thickness, offering a good balance between performance enhancement and economic cost.

(2) An increased reinforcement ratio had a little effect on the punching shear resistance of RC connections which were governed by
brittle punching shear failure, but resulted in a higher peak load and post-crack stiffness in connections enhanced with ECC due to the
flexural-induced punching shear failure mechanism. In all specimens, the reinforcing bars reached their yield point. Connections with
a higher steel reinforcement could bear greater external force before reaching yield.

(3) The connections with a higher PE fibre dosage had a 17.20 % higher peak load and a 29.27 % higher yield load compared to its
counterpart with 1 % fibre dosage, while incorporating steel fibre into ECC improved the crack resistance and stiffness of the con-
nections but did not affect the punching shear resistance and yield load.

(4) The connections enhanced with ECC exhibited an enlarged punching shear failure surface because of the higher flexural and
shear strengths of ECC, which effectively increased the loading area. The angle of punching shear cone increased ranging from 30° to
50°.

(5) The estimated flexural strengths based on the yield line theory are generally higher than experimental results, as the yield line
theory provides an upper-limit solution. The design codes, GB50010-2010 and DIN, provided reliable estimates for connections
featuring an ECC-based outer critical section of the punching shear cone after modification.

Given the limited data, additional experiments are needed to refine and validate the critical perimeter of connections enhanced
with ECC. Moreover, numerical simulations are required to systematically investigate the influences of various parameters on the
punching shear behaviour of connections, providing more robust theoretical support for engineering applications. These are subjects of
ongoing research, which will be presented in future publications.
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