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Abstract

This article evaluates and compares the punching shear behaviour of unbonded prestressed concrete (UPC) slab
- concrete-filled steel tube (CFT) column connections/joints with that of reinforced concrete (RC) slab – CFT
column connections. The experimental program was carried out on five large-sized samples, including three
UPC slab - CFT column samples and two RC slab - CFT column samples. Steel plate connection details were
utilised to increase the bond between the concrete slab and the CFT column. The experimental results showed
that the prestressing tendons significantly increased the pre and post-cracking stiffness of the slab-column
connections, thereby, greatly reducing the deflection of the UPC slab - CFT column samples than that of the
RC slab - CFT column samples, especially during the serviceability phase (by up to 58%). However, the use of
tendons resulted in a significant decrease in the ductility and energy absorption index of the UPC slab - CFT
column samples compared to that of the RC slab - CFT column samples (by up to 44% and 41%, respectively).
Using prestressing tendons slightly increased the punching shear capacity, and significantly reduced the strain
of the connection details such as the vertical ribs and the horizontal bearing plate. At the same time, the tendons
helped greatly reduce the strain of the longitudinal rebars in the UPC slabs.

Keywords: unbonded post-tensioned concrete (UPC); connection/joint; CFT column; flat slab; connection de-
tails; punching shear; experiment.
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1. Introduction

The structure comprising reinforced concrete (RC) flat slab and concrete-filled steel tube (CFT)
column is considered structurally and economically efficient due to its high load-bearing capacity,
ductility and energy absorption capacity, and reduced construction cost and time [1–5]. However,
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the application of the RC slab – CFT column connection/joint is limited in the situation where large
space and spans are required. A viable solution to this problem is to use prestressed concrete (PC)
slab - CFT column connection. The structure is called an unbonded or bonded prestressed concrete
(UPC or BPC) structure if the prestressing tendon is unbonded or bonded, respectively. In comparison
with bonded tendons, using unbonded tendons can offer reduced construction costs [6], which results
in many applications of the UPC structure [2, 7–10]. However, owing to a lack of the tendon strain
compatibility with adjacent concrete and the prestressing forces being only transmitted to the UPC
structure at the anchorages [6, 11, 12], the analysis of the UPC structure is more complex than the
BPC counterpart.

In the structural aspect, both RC slab – CFT column and PC slab – CFT column connections
face the problem of brittle punching shear failure because of stress concentration at the slab – CFT
column joint [2, 3, 13]. In addition, the non-monolithic characteristic of the connection between flat
slabs and CFT columns can significantly affect the structural integrity and the punching shear be-
haviour of the flat slab – CFT column connection [14]. The punching shear response of RC slab –
CFT column connections has been well investigated in many studies [1, 4, 5, 14–22]; however, the
research effort toward PC slab - CFT column connections is still very limited [7]. It is noteworthy
that the prestressing force can embrittle the behaviour and reduce the ductility and energy absorption
capacity of PC members [12, 23–25]. Therefore, the punching shear performance of the PC slab –
CFT column connection, especially the difference in the structural response with the RC slab – CFT
column connection, deserves careful investigation.

This study aims to experimentally investigate the punching shear behaviour of RC/UPC slab -
CFT column joints using steel plate connections. The test program was conducted on five large-scale
flat slab - CFT column samples. Among these samples, there were three UPC slab - CFT column
connections and two RC slab - CFT column connections. The main goal of this study is to quantify
and compare the punching shear resistance, deformation, ductility and energy absorption capacity of
these flat slab - CFT column connections.

2. Experimental program

2.1. Material properties

In this study, the concrete mix design consisted of Portland cement PC40 (460 kg/m3), 20-22 mm
coarse aggregates (1048 kg/m3), 2-4 mm river sand (640 kg/m3) and clean water (194 l/m3). The
slump of the concrete 12 ± 2 cm, which is a typical range for casting structural members [23, 24,
26]. The compressive strength of concrete ( fc) was derived from the mean values of three 150×300
mm concrete cylinders according to TCVN 10303:2014 [27]. The mechanical properties of the steel
reinforcement and steel plates were determined as per TCVN 197-1:2014 [28]. Table 1 summaries
the mechanical properties of the materials used in this study in which fsr,y and fsr,u are the yield
and ultimate strength of the longitudinal reinforcement of the slab, respectively; fstu,y and fstu,u are
respectively the yield and ultimate strength of the steel tube; fsvr,y and fsh,y are respectively the yield
strength of the vertical rib plates and horizontal bearing plates; fsvr,u and fsh,u are respectively the
ultimate strength of the vertical rib plates and horizontal bearing plates; and fpy and fpu are the
nominal yield and ultimate strength of the prestressing tendons, respectively. Young’s modulus of the
tendon (Ep) was 196 GPa.
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Table 1. Mechanical properties of the materials (MPa)

Sample fc fsr,y fsr,u fstu,y fstu,u fsvr,y fsh,y fsvr,u fsh,u fpy fpu

SP-T1-16

40.4

SP-T3-16a 420 594 324 428 331 372 478 513 1666 1851
SP-T3-16b

S-T1-16
420 594 324 428 331 372 478 513 - -

S-T3-16a

2.2. Experimental samples

The experimental samples consisted of five flat slab-column connections with width × breath ×
thickness = 2500 × 2500 × 200 mm (Fig. 1). The CFT column had a circular cross-section with a
diameter of 400 mm, a height of 1300 mm and a thickness of the steel tube of 9 mm. Table 2 tabulates
the experimental parameters of this study.

Figure 1. A typical cross-section of the test sample Figure 2. Arrangement of the tendons in the UPC
slab (dimensions in mm)

The UPC slabs were post-tensioned with unbonded 7-wire strands with a nomial diameter of
12.7 mm (Fig. 2). The UPC slabs were designed with Class U (uncracked) as per ACI 318-19 [29].
The initial jacking force Pi = 146 kN per tendon. The camber of the UPC samples due to the post-
tensioning was from 0.211-0.275 mm. The diameter of both the tensile and compressive reinforcement
of the slabs was 14 mm. The respective reinforcement ratio of ρst = 0.77% and ρsc = 0.39%. The
arrangement of the reinforcement is shown in Fig. 3.

Two different kinds of connection details (T1 and T3) between the CFT column and the flat slab
were proposed in this study and displayed in Fig. 4. It is worth noting that the same welding material
and technique (angle welding) with a welding height of 8 mm were used to make all the test samples.

Firstly, connection detail T1 (Fig. 4(a)) was comprised of annular horizontal bearing plates and
vertical ribs. The internal and external diameters of the horizontal bearing plate were respectively
Di = 400 mm and Do = 650 mm. The thickness of the horizontal bearing plate was 16 mm. The
horizontal bearing plate was fully welded to the steel tube. The bottom level of the horizontal bearing
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Figure 3. Arrangement of the reinforcement in the slab (dimensions in mm)

plate was aligned with the slab’s bottom surface to expedite the erection of formwork and to enhance
the vertical rib’s resistance against fire. Regarding the vertical rib, it consisted of four pairs with a
distance between the ribs in each pair of 120 mm (Fig. 4). The cross-section of the vertical rib was
rectangular with the dimension bv × hv × tv = 180 × 155 × 8 mm (Fig. 4(c)). The connection between
the vertical ribs with the steel tube and the horizontal bearing plate was full penetration welding. The
vertical ribs were also arranged inside the CFT column to enhance the bonding between the steel
tube with the enclosed concrete, which could help avert the potential splitting between these two
constituents because of the negative moment at the connection. The vertical ribs outside the column
had the width bv,o = 98 mm and were drilled with three holes of 25 mm in diameter. In each hole,
there was a rebar of 14 mm in diameter passing through to increase the dowel action. The vertical
ribs inside the column had the width bv,i = 73 mm and three holes of 25 mm in diameter. Connection
detail T1 was used for samples SP-T1-16 and S-T1-16. Secondly, connection detail T3 (Fig. 4(b)) had
four rectangular horizontal bearing plates with 16 mm in thickness instead of using annular plates as
T1 to decrease material and simplify the installation. The dimension of these rectangular horizontal

(a) T1 (b) T3 (c) Vertical ribs (dimensions in mm)

Figure 4. Connection details

32



Luu-Thanh, B., et al. / Journal of Science and Technology in Civil Engineering

bearing plates was bh × lh × th = 200 × 125 × 16 mm. The horizontal plates were welded to the steel
tube. The samples using T3 were SP-T3-16a, SP-T3-16b and S-T3-16a.

It is noteworthy that in comparison with the common use of steel profile (I or H – shape) for
the connection details, the use of steel plates gives more advantages in terms of construction time
and costs because the size and weight of the steel plate are significantly smaller than that of the steel
profile. In addition, connection details involving steel plates help soften the stiffness of slab - CFT
column connections; therefore, it can significantly reduce the stress concentration at the joint, thereby
limiting the possibility of a punching shear failure.

Table 2. Test parameters

Sample
Dimension

(m)

Type of
Connection

detail

Thickness
of steel

tube

Horizontal
bearing plate

Vertical
rib

Rebar
ratio

t
Shape

Do (bh) Di (lh) th Shape
bv hv tv bv,o bv,i ρs,t ρs,c

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (%) (%)

SP-T1-16

2.5 × 0.2

T1
9

AN 650 400 16
SP-T3-16a T3 REC 200 150 16 REC 180 155 8 98 73 0.77 0.385
SP-T3-16b T3 REC 200 150 16

S-T1-16 T1
9

AN 650 400 16
REC 180 155 8 98 73 0.77 0.385

S-T3-16a T3 REC 200 150 16

In Table 2, AN is Annular; REC is Rectangular; bh and lh are respectively the width and length of
the rectangular horizontal bearing plate; bv, hv, and tv are respectively the width, height, and thickness
of the vertical rib; bv,o and bv,i are respectively the width of the vertical rib outside and inside the steel
tube; Do and Di are respectively internal and external of the annular horizontal bearing plate; t is
the thickness of the steel tube; th is the thickness of the horizontal bearing plate; ρst and ρsc are
respectively the tensile and compressive reinforcement ratio.

(a) Phase 1 – Lateral loading (b) Phase 2 – Vertical loading

Figure 5. Loading method and instrumentation

The samples were tested using the simply supported condition as illustrated in Fig. 5. The vertical
deflection of the sample was monitored via 14 linear variable differential transducers (LVDTs). Of
them, LVDTs D1 - D10 were for measuring the vertical deflection at the midspan, quarter-span and
edge of the slabs. LVDTs D11 - D14 at the outer edge of the horizontal plates were used for the
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samples with the CFT column. Besides, the lateral deflection of the samples was measured by two
LVDTs (D15 and D16) arranged at the sides of the slab.

The strain of the horizontal bearing plates, vertical ribs, concrete and longitudinal rebars were
recorded through 17 strain gauges (SGs). Among those SGs, six SGs P1-P6 were to measure the
strain of the horizontal bearing plates and vertical ribs as shown in Fig. 6(a). The strain of the tensile
rebars was measured by six SGs S1-S6 bonded to four rebars at the upper layer in two directions
through the column centre (80 mm and 280 mm away from the surface of the column, respectively)
as exhibited in Fig. 6(b). The compressive strain of concrete was recorded via five SGs C1 - C5.

(a) The horizontal bearing plates and vertical ribs

(b) The concrete and rebars

Figure 6. Layout of strain gauges (SGs)

The loading method encompassed two phases, i.e. Phase 1 – lateral loading and Phase 2 – vertical
loading. In Phase 1, the sample was loaded by five lateral quasi-static loading cycles to simulate
the immediate occupancy as per ACI PRC-374.2-13 [30] with a constant amplitude of the lateral
deflection = 0.5% drift according to ACI 318-19 [29] (Fig. 5(a)). This loading phase is intended
to cause a certain impact of lateral loads on the response of the connecting constituents (e.g. the
horizontal bearing plates and vertical ribs) and in turn the punching shear capacity of the slab –
CFT column connections. The lateral loading was removed completely after Phase 1. In Phase 2, the
sample was subjected to vertical loads to collapse by using a hydraulic jack with a capacity of 500
tons. It was observed in the previous experimental investigations [25, 31, 32] that a loading rate of
15-30 kN/min could simulate quasi-static loading and the load-bearing resistance of the samples in
those studies was similar compared to the samples in this study. This loading rate of 15-30 kN/min
was, therefore, selected in this study (Fig. 5(b)). During the experiment, the data of the applied loads,
deflection and strain of the sample was automatically monitored by a data acquisition system. Fig. 7
shows the sample before casting while Fig. 8 shows the test setup.
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Figure 7. Unbonded prestressed concrete slab before casting

Figure 8. Test setup of the sample

3. Experimental results and discussion

3.1. Failure pattern

Table 3 summarises the test results of the samples. The test results showed that the lateral loads
in Phase 1 did not create any crack in the UPC slab – CFT columns connections. In Phase 2 of
vertical loading, all the samples collapsed in a punching shear manner as shown in Fig. 9. For the
RC slab – CFT column specimens, the first radial cracks appeared at 24.5-27% of Vu,CFT (Vu,CFT

is the maximum applied load). Meanwhile, owing to the effect of prestressing, the corresponding
value (30.2-37.2% of Vu,CFT ) for the UPC slab – CFT column samples was higher with smaller crack
width. Increasing the applied loads caused other radial cracks to appear. The radial cracks were quite
uniformly distributed (Fig. 9). Tangential cracks also occurred and grew when the load increased,
which resulted in the formation of a punching shear cone and the collapse of the samples (Fig. 9). The
failure of the slab–column connections was sudden with a loud bang. Cross-section at central line of
the tested slab – CFT column connections are shown in Fig. 10.

In Table 3, Vcr, Vy and Vu are respectively the cracking, yielding and maximum load; δcr, δy and δu
are respectively the vertical displacements of the slab at the cracking, yielding and ultimate load; α is
the inclination angle of the punching shear cone; εribu,h and εribu,v are respectively the maximum strain
in the horizontal bearing plate and the vertical rib; εsu,reb and εcu are respectively the maximum tensile
strain of rebars and maximum compressive strain of concrete; K1 and K2 are respectively the secant
stiffness of the specimen in the pre-cracking and post-cracking phase (Fig. 13); A1, A2 are respectively
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energy absorption in the pre-yielding and post-yielding phase (Fig. 16); EAI is the energy absorption
index, EAI = [(A1 + A2) /A1].

Table 3. Test results

Specimens
Vcr Vy Vu δcr δy δu α

µ
εribu,h εribu,v εsu,reb εcu εpu K1 K2 A1 A2 EAI

(kN) (kN) (kN) (mm) (mm) (mm) (degree) (%o) (%o) (%o) (%o) (%o) (kN/mm) (kN/mm) (kNmm) (kNmm)

SP-T1-16 363 528 974 1.32 3.06 17.88 21.1 5.84 0.40 3.25 1.72 1.5 1.5 43.3 14.9 190 1805 10.5
SP-T3-16a 310 523 993 1.21 3.92 22.20 20.6 5.66 0.18 4.32 1.23 2.1 1.6 40.4 12.3 235 2305 10.8
SP-T3-16b 288 525 955 1.11 3.68 18.66 20.4 5.07 0.17 4.97 2.08 1.7 1.5 40.9 14.5 191 1825 10.6
S-T1-16 231 383 943 0.88 3.85 32.37 20.9 8.41 1.9 8.0 2.2 1.1 41.3 8.1 208 3329 17
S-T3-16a 249 384 921 1.01 4.23 38.41 19.1 9.08 1.0 5.4 2.7 0.8 38.8 6.6 237 4031 18

(a) UPC slab – CFT column connections

(b) RC slab – CFT column connections

Figure 9. Punching cone shape at the top face of the slab

At the top face of the slab (see Figs. 9 and 10), the average of eight distances (see Figs. 11)
between the edge of the punching cone and the outer surface of the CFT column rave was 4.3 − 4.7d
(d is the effective thickness of the slab) for the UPC slab – CFT column samples. The corresponding
value rave for the RC slab – CFT column connections was 4.7 − 4.9d. The inclination angle of the
punching cone αave is the average of four angles as shown in Fig. 11. The inclination angle αave of the
UPC slab – CFT column samples was 20.4°-21.1°. The corresponding value αave for the two RC slab
– CFT column samples was 19.1°-20.9°. The shape of the horizontal bearing plates (one annular plate
connection T1 or four rectangular plates connection T3) was found to have an insignificant effect on
the shape and inclination angle of the punching shear cone.
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Figure 10. Typical cross-section of the tested slab – CFT column connections

Figure 11. Obtained distances and angles of the punching cone

3.2. Load-deflection relationship

Figure 12. Load-deflection of the test samples

Fig. 12 displays the relation between the ap-
plied load and deflection of the samples. The load-
deflection relationship of the samples could be di-
vided into two phases: the phase before cracking
(elastic phase) and the phase after cracking to the
failure of the samples (post-cracking phase). The
load level corresponding to the appearance of the
first crack was called the cracking load Vcr. The
cracking loads of the UPC slab – CFT column and
the RC slab – CFT column samples were respec-
tively Vcr = 37.2%Vu and Vcr = 27%Vu with Vu =
the maximum load.

In the first elastic phase, the relationship of
load-deflection of the samples was linear and similar to each other. This means that both the pre-
stressing tendon and connection details (T1 and T3) did not play a significant role in the performance
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of the flat slab–column connections during the elastic phase.
In the post-craking phase from Vcr to Vu, the behaviour of the samples changed to nonlinearity

and the difference in behaviour between the samples became pronounced. During this phase, the ap-
pearance and development of cracks reduced the stiffness and consequently increased the ultimate
deflection of the samples significantly. Compared to the RC slab sample, the prestressing tendons in
the UPC slab sample enhanced its stiffness and in turn reduced its deflection. For instance, at the ser-
viceability limit load Vu,ser (the load causing the vertical deflection of the sample = L/250 = 2300/250
= 9.2 mm with L = the span) of the RC slab – CFT column sample S-T3-16a (Vu,ser−S−T3−16a= 543
kN), the deflection of the UPC slab – CFT column samples was up to 58% smaller compared to the
RC slab – CFT column samples. This observation means that on the one hand, prestressing embrit-
tles the behaviour of the sample but on the other hand, prestressing is effective in controlling the
deflection of the samples which is an important design criterion at the serviceability state.

The maximum deflection of the UPC slab samples was smaller than the RC slab sample by 45%
for the sample with connection T1 (one continuous annular horizontal plate) and 51% for the sample
with connection T3 (four discrete rectangular horizontal plates) (Fig. 13(a)). The change in the shape
of the horizontal bearing plate from one continuous annular plate to four discrete rectangular plates
did not have a significant effect on the deformation capacity of the slab-column connections.

(a) Maximum deflection (b) Maximum vertical load

Figure 13. The Comparison in deflection and load

3.3. Punching shear capacity and stiffness of the slab-column connection

The punching shear capacity of the UPC slab – CFT column samples was 3-8% greater than that
of the RC slab – RC column samples (Fig. 13(b)). This means that there was an insignificant contribu-
tion of the prestressing tendon to the sample’s punching shear capacity. One possible explanation for
this phenomenon could be because of the small oblique angle of the tendon in regard to the slab plane
at the failure section of the sample (approximately 1°). This led to a negligible vertical force compo-
nent of the tendon – the main component against the shear forces. Another reason could be that the
punching shear capacity of the slabs is largely reliant on the mechanical properties of concrete. In this
study, the concrete strength of the UPC and RC slabs was chosen to be the same (to only investigate
the effect of the prestressing tendons).

Table 3 shows the values of K1 and K2 which are respectively the secant stiffness of the slab–column
connections in the elastic phase prior to concrete cracking and post-cracking phase as shown in
Fig. 14. The yield point of the sample was computed following the study [33]. In the elastic phase, the
elastic stiffness K1 of the UPC slab – CFT column samples was roughly 5% greater than the RC slab
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– CFT column samples. In the post-cracking phase, compared to the RC slab – CFT column samples,
thanks to the positive influence of the prestressing, K2 of the UPC slab – CFT column samples in-
creased by 85% for the sample with the annular horizontal plate and up to 118% for the sample with
the rectangular horizontal plates (Fig. 15(a)).

Figure 14. Definition of K1 and K2

Notes: K1 and K2 are respectively the secant
stiffness of the slab-column connections in the
elastic phase prior to concrete cracking and
post-cracking phase; K1 = Vcr/δcr and K2 =(
Vy − Vcr

)
/
(
δy − δcr

)
; Vcr and Vy (kN) are re-

spectively the cracking and yielding load; δcr and
δy (mm) are respectively the deflection of the
slab at the cracking and yielding load.

(a) Stiffness K1 and K2 (b) Stiffness deterioration

Figure 15. Stiffness K1; K2 and stiffness deterioration in the post-cracking phase

The stiffness deterioration (K2/K1) in the post-cracking phase compared to the elastic phase of the
samples is shown in Fig. 15(b). It is evident that the prestressing tendons helped reduce the stiffness
deterioration of the UPC slab – CFT column samples more than that of the RC slab - CFT column
samples. For example, the stiffness deterioration of the former was about 2.1 times smaller compared
to the latter as shown in Fig. 15(b).

3.4. Ductility and energy absorption

The ductility index µ of the samples was calculated as the ratio between the deflection of the
sample at the yield point (as defined in Fig. 14) and that at failure (δy/δu) according to the previous
studies [6, 9]. The ductility index µ of the test samples is tabulated in Table 3.

In comparison with the RC slab – CFT column sample, µ of the UPC slab – CFT column sample
decreased by 31% when using connection T1 (the annular horizontal bearing plate) and by up to 44%
when using connection T3 (the rectangular horizontal bearing plates) (Fig. 16(a)). This finding also
shows the effect of the horizontal bearing plates on the ductility of the slab – CFT column connections.
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(a) Ductility index (b) Energy absorption index

Figure 16. The comparison in ductility index and energy absorption index

Figure 17. Area A1 and A2

The energy absorption index of the samples in
this study was calculated as EAI = (A1 + A2) /A1,
where A1 and A2 are the areas under the load-
deflection curve or the energy absorption capac-
ity in the pre and post-yielding phase as illustrated
in Fig. 17. The yield point was determined as per
[33]. In comparison with the RC slab – CFT col-
umn samples, the use of prestressing tendons re-
duced the EAI of the UPC slab – CFT column
samples by 38% when using connection T1 (the
annular horizontal plate) and by 41% when using
connection T3 (the rectangular horizontal plates)
(Table 3). The total energy absorption capacity (A1 + A2) of the UPC slab – CFT column samples
was smaller by 47-56% than that of the RC slab – CFT column samples (Table 3). The UPC slab –
CFT column sample with connection T3 had the energy absorption capacity slightly higher than the
UPC slab – CFT column sample with connection T1 (by about 3%).

3.5. Load-strain of vertical ribs and horizontal bearing plates

The relationship of load-strain of the vertical ribs at the upper and lower corner and the horizontal
bearing plates were respectively shown in Figs. 18(a), (b) and (c). The vertical rib was inclined to
carry loads earlier than the horizontal bearing plate and its strain growth was considerably influenced
by the configuration of the horizontal bearing plate and by the tendons. For instance, at the yielding
load of sample S-T3-16a (Vy−S−T3−16a = 384 kN), the strain at the vertical rib’s upper corner of the
UPC slab – CFT column sample with connection T1 was 2.2-5.1 times higher than that of the sample
with connection T3. For the RC slab – CFT column samples, the strain at the vertical rib’s upper
corner of the sample with connection T1 was 88% of that of the sample with connection T3.

The strain of the vertical ribs was ununiformly distributed as displayed in Figs. 18(a) and (b). In
the RC slab – CFT column connections, the upper corner of the vertical rib (P1) tended to work earlier
than the lower corner (P3) and the P1 strain had a decreasing trend after the appearance of cracks. This
finding could be attributed to the fact that the vertical rib’s upper corner was near the slab’s tension
side. Consequently, it early carried the tensile stress transmitted from the slab via the dowel action
developed at the holes of the vertical rib. However, for the UPC slab – CFT column connections, the
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tendon in the slab’s tension side was the main component in resisting the tensile stress in the slab,
leading to an insignificant contribution of the vertical rib’s upper corner. Therefore, strain P1 was
smaller compared to strain P3. After concrete cracking, strain P3 was inclined to develop at a faster
speed than strain P1. The strain of the horizontal bearing plates of all the test samples was quite
similar and insignificant when compared to the vertical ribs (Fig. 18(c)).

(a) At the upper corner (b) At the lower corner

(c) Horizontal bearing plates

Figure 18. Load-strain curve of the vertical ribs and the horizontal bearing plates

Changing the configuration of the horizontal bearing plate exerted a pronounced influence on
the maximum strain of the vertical rib and the horizontal bearing plate. The maximum strain of the
vertical rib at P1 of the UPC – CFT column sample with connection T1 (one continuous annular
horizontal bearing plate) was 1.6-3 times greater compared to the sample with connection T3 (four
discrete rectangular horizontal bearing plates) (Fig. 18(a)). The maximum strain of the horizontal
bearing plate of the sample with connection T3 was about 44% of the sample with connection T1.
The use of tendons substantially decreased the maximum strain of the vertical rib and the horizontal
bearing plate, for example, by 75-81% in the sample SP-T1-16 compared to sample S-T1-16. At the
failure of the sample, the vertical ribs in most of the samples yielded but the horizontal bearing plates
had not yielded (Fig. 18).

3.6. Load-strain of concrete, reinforcement and prestressing tendons

The load-strain of the concrete in compression, the rebar and the tendon are shown in Fig. 19.

41



Luu-Thanh, B., et al. / Journal of Science and Technology in Civil Engineering

(a) Rebar (b) Tendon

(c) Concrete in compression

Figure 19. Load-strain curve of rebar, tendon and concrete in compression

The tensile rebars in the RC slab - CFT column samples had a tendency to carry stress earlier and
more compared to the UPC slab - CFT column sample as shown in Fig. 19(a). At the serviceability
limit load of sample S-T3-16a (Vu,ser−S−T3−16a = 543 kN), the prestressing tendons helped reduced
the rebar strain by 86% for the sample with connection T1 and by 91% for the sample with connection
T3. The maximum rebar strain in the UPC slab - RC column samples with connection T1 and T3 was
1.7%o and 1.2-2.1%, respectively. Meanwhile, the corresponding value in the RC slab - CFT column
samples was 2.2-2.7%o. These results mean that the rebars in the RC slab - RC column samples
yielded while most of the rebars in the UPC slab - RC column samples had not yielded.

The strain of the tendons in all the samples was fairly similar indicated in Fig. 19(b). At the failure
of the sample, the strain of the tendons was 1.62%o (Table 3) and thus the tendon had not yielded.

The maximum strain of concrete in the UPC slab – CFT column samples was greater than that
of the RC slab – CFT column samples (Fig. 19(c)). The maximum strain of concrete in the UPC
slab – CFT column samples was 1.5-2.1%o (Table 3). The corresponding number in the RC slab –
CFT column samples was 0.8-1.1%o. The concrete strain in the UPC slab – CFT column sample with
connection T3 was 37% greater than the sample with connection T1, which shows the influence of the
configuration of the horizontal bearing plate on the concrete strain. It is noteworthy that the maximum
concrete strain in all the samples was less than 2%o (Table 3).
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4. Conclusions

This study experimentally analyses and compares the punching shear behaviour, punching shear
resistance, deformation, ductility and energy absorption of the UPC slab - CFT column connections
with that of the RC slab - CFT column connections. The experimental program was carried out on
five large-scale samples of the slab - CFT column connections/joints, in which, there were three UPC
slab - CFT column samples and two RC slab - CFT column samples. Based on the results obtained
from this study, some conclusions can be drawn as follows:

(i) In comparison with the RC slab - CFT column samples, the use of prestressing tendons
marginally enhanced the punching shear capacity of the UPC slab - CFT column samples (by up
to 8%). The tendons significantly increased the stiffness of the samples, especially the post-cracking
stiffness. The stiffness of the UPC slab - CFT column samples was 85% (when using connection T1)
and 118% (when using connection T3) higher than that of the RC slab - CFT column samples.

(ii) The tendons effectively controlled the stiffness deterioration of the sample (the ratio of the
post-cracking to pre-cracking stiffness). The stiffness deterioration of the UPC slab - CFT column
samples was substantially smaller (2.1 times) than the RC slab - CFT column samples. This result
means that on the one hand, the tendons can help control the slab deflection effectively (reducing
the deflection by up to 58%) and thus ensure the serviceability requirement of the structure. On the
other hand, the use of tendons embrittles the response of the slab-column connection and reduces the
deformation capacity of the structure (reducing the maximum deflection by up to 51%);

(iii) The ductility index and energy absorption index of the UPC slab - CFT column samples were
respectively reduced by 44% and 41% compared to the RC slab - CFT column samples. The strain of
the horizontal bearing plate, the vertical rib and the rebar (by up to 75%, 81% and 91%, respectively)
was also decreased when using prestressing tendons.
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