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Abstract 

The effects of flexural reinforcement and shear reinforcement on the punching shear strength of slab–column con‑
nections are analyzed in this study. For the study, six slab–column connection specimens were constructed with 
varying flexural reinforcement and shear reinforcement, and were subjected to gravity load tests. Experimental results 
showed that all specimens were destroyed by punching failure, and that the slab–column connection behaved differ‑
ently depending on the amount of shear reinforcement and flexural reinforcement. Particularly, the flexural reinforce‑
ment in the slab–column connection improved the punching strength of the specimens with or without shear rein‑
forcement. In addition, in this study, a design formula that considers the flexural reinforcement ratio in the calculation 
of the punching shear strength of the shear reinforced slab–column connection was proposed and was verified using 
experimental results and existing test data.
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1 Introduction
Flat plate structures consisting of slabs and columns are 
widely used in apartment houses, offices, and skyscrapers 
due to their architectural and construction advantages. 
However, relatively thin slabs in the flat plate system are 
vulnerable to punching shear failure at the slab–column 
connection; punching shear failure is more dangerous 
than other ductile failure modes such as flexural failure, 
as punching shear failure is sudden and may induce col-
lapse of the entire system (Choi and Park 2010; Choi et al. 
2011, 2012). Therefore, in current concrete design codes 
such as ACI 318 (ACI 2014) and KCI 2012 (KCI 2012), 
shear reinforcement is adopted to ensure the sufficient 
strength against punching shear at the slab–column 
connection.

A recent study on the shear reinforcement of slab–
column connections proposed that the time at which 
the maximum punching strength of the slab–column 

connection occurs varies depending on the amount of 
shear reinforcement. According to the study conducted 
by Eom et al. (2018), slab–column connections with low 
shear reinforcement exhibit ultimate punching shear 
strength at the initial diagonal crack state of concrete. 
This is because the shear reinforcement is insufficient 
to recover the shear strength reduction of the concrete 
after the initial diagonal crack of the concrete. However, 
when the shear reinforcement is sufficient, it recovers 
the shear strength reduction of the concrete after the ini-
tial diagonal crack; hence, the ultimate strength occurs 
after the initial diagonal crack. Therefore, in the study 
by Eom et  al. (2018), a formula to evaluate the punch-
ing shear strength (Eq. 1) was proposed as given below, 
based on the difference of the time of maximum strength 
occurrence with varying shear reinforcement and the 
difference of contribution of the concrete and shear 
reinforcement.

where, Vc is the shear strength of the concrete, Vs is the 
shear strength of the shear reinforcement.

(1)Vn,Eom′s = max(Vc + 0.25Vs, 0.5Vc + Vs)
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However, the current concrete design codes (ACI 2014; 
KCI 2012) do not consider the difference in the behavior 
of slab-to-column connections with varying shear rein-
forcement. They evaluate the punching shear strength 
by reducing the contribution of the concrete and shear 
reinforcement according to the design philosophy of 
each code. Equations (2) and (3) are used to evaluate the 
punching shear strength for ACI 318 (ACI 2014) and KCI 
2012 (KCI 2012), respectively.

where, Vc is the shear strength of the concrete, Vs is the 
shear strength of the shear reinforcement.

As shown in Eq. (2), in the case of ACI 318 (ACI 2014), 
the punching shear strength of the shear reinforced con-
nection is calculated by reducing the concrete strength 
by 50%, which is similar to the punching shear evalua-
tion for connections with sufficient shear reinforcement 
in a previous study (Eom et al. 2018). On the other hand, 
as shown in Eq. (3), in the case of KCI 2012 (KCI 2012), 
the punching shear strength of the shear reinforced con-
nection is calculated by reducing the contribution of the 
shear reinforcement by 50% assuming that the shear rein-
forcement does not yield like the connection with low 
shear reinforcement in the study by Eom et  al. (2018). 
However, it is necessary to closely examine whether the 
latest research results such as those of Eom at al. (2018) 
lead to valid results in various design conditions (Choi 
and Song 2007; Choi et al. 2005).

ACI 318 (ACI 2014) also evaluates the punching shear 
strength contribution by concrete as shown in Eq.  (4). 
In Eq.  (4), the punching shear strength contribution 
by concrete is evaluated considering only the concrete 
strength and connection shape regardless of the flexural 
reinforcement.

where, fck is the compressive strength of the concrete, d is 
the effective thickness of the slab, bo is length of the criti-
cal shear perimeter at a distance 0.5d from the column 
face, βc is the ratio of the long side to the short side of the 
area subjected to concentrated load or reaction force, αs 
is a factor according to the type of connection; it is 40 for 
internal columns, 30 for external columns (except corner 
columns), and 20 for corner columns.

On the other hand, unlike ACI 318 (ACI 2014), KCI 
2012 (KCI 2012) evaluates the punching shear strength 
contribution by concrete considering the effect of flexural 
reinforcement ratio on the punching shear strength as 
shown below.

(2)Vn,ACI = 0.5Vc + Vs

(3)Vn,KCI = Vc + 0.5Vs

(4)

Vc,ACI =
1

6

√

fkcb0d ×min
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2
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4
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√

b0/d ≤ 1.25 , 
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)

/fte , 
ks is the thickness factor, kbo is the effect factor of the crit-
ical section length, fte is the tensile strength of the com-
pression zone in concrete, cu is the average depth of the 
compression zone in concrete, fcc is the compressive 
strength of the compression zone in concrete, ψ is the 
crack angle of the compression zone in concrete.

In the Eq.  (7), which is for KCI 2012 (KCI 2012), the 
effect of the flexural reinforcement ratio is included. It is 
known that KCI 2012 (KCI 2012) estimates the punch-
ing shear strength by concrete more accurately (Choi and 
Park 2010), compared with ACI 318 (ACI 2014), because 
the effect of flexural reinforcement is considered in the 
KCI 2012 code (KCI 2012).

However, in ACI 318 (ACI 2014) and KCI 2012 (KCI 
2012), when the punching shear strength by shear rein-
forcement is calculated as shown in Eq. (8), the effect of 
the flexural reinforcement is not considered.

where, As is the sectional area of shear reinforcement, fy 
is the yield strength of shear reinforcement, s is the spac-
ing of shear reinforcement.

As flexural reinforcement affected the punching shear 
strength by the contribution of the concrete, it is also 
necessary to examine the interaction of flexural and shear 
reinforcement on the punching strength. Therefore, in 
this study, the effect of flexural reinforcement on the ulti-
mate behavior of slab–column connections was studied 
comprehensively through experimental work. Particu-
larly, the effect of flexural reinforcement on the punching 
shear strength of the shear reinforcement was examined. 
Further, the recent research findings by Eom et al. (2018) 
were verified using various amounts of flexural reinforce-
ments. The current design codes such as ACI 318 (ACI 
2014) and KCI 2012 (KCI 2012) were analyzed for the 
effects of various flexural reinforcement ratios, in order 
to verify if the punching strength of the slab–column 
connection is effectively reflected in these codes. Finally, 
a design formula that considers the flexural reinforce-
ment ratio to calculate the punching shear strength of the 
shear reinforced slab–column connection was proposed 
and verified using experimental results and existing test 
data.

(5)Vc,KCI = vc,KCIb0d

(6)vc,KCI = kskboftecotψ(cu/d)

(7)cu = d
[

25
√

ρ/fck − 300
(

ρ/fck
)

]

(8)VS =
Asfyd

s
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2  Test Plan
In this study, six slab–column connection specimens 
(SP 1–6) were constructed with varying flexural rein-
forcement and shear reinforcement. All specimens were 
designed to induce punching shear failure in accordance 
with the purpose of the experiment. The amounts of flex-
ural reinforcement and shear reinforcement were used as 
test variables. The experimental variables for SP-1–6 are 
shown in Table 1.

Figure  1 shows a three-dimensional model of all the 
slab–column connection specimens. As shown in Fig. 1, 
the specimens contain a slab of dimensions 1850  mm 
(width) × 1850  mm (length) × 210  mm (thickness) and 
a column of dimensions 450  mm (width) × 450  mm 
(length) × 200 mm (height).

Figure  2a shows the test set-up. For convenience, the 
specimen shown in Fig.  1 was turned upside down and 
load was applied from the bottom of the specimen. As 
shown in Fig. 2, the specimen was supported by a simple 
support at each side of the slab, and the test was carried 
out by applying a load to the upper column. The vertical 
displacement of the slab–column connection was meas-
ured by LVDTs (The linear variable differential trans-
former) which are shown in Fig. 2b.

Figure 3a–f shows the specimen details of the slab–col-
umn connection (SP-1–6), whose properties are summa-
rized in Table 1. As shown in Table 1, the test variables 
of specimens SP-1–6 were the amounts of flexural rein-
forcement and shear reinforcement. For specimens 
SP-1–3, the flexural reinforcements were placed with 
D16@150 at the top surface of the slab. The specimens’ 
flexural reinforcement ratio was 0.007, with low flexural 
reinforcement among the six specimens. For SP-4–6, the 
flexural reinforcements were placed with D16@75 at the 
top of the slab, and were twice the flexural reinforcement 
of the SP-1–3 specimens. The specimens’ flexural rein-
forcement ratio was 0.014, with high flexural reinforce-
ment among the six specimens.

By varying the amount of shear reinforcement the spec-
imens with the same flexural reinforcement (SP 1–3 and 
SP 4–6), a total of six specimens were prepared. Among 
the specimens with low flexural reinforcement ratio (SP-
1–3), SP-1 was not reinforced by shear reinforcement, 
and was a control specimen to verify whether the origi-
nal design concept had been properly implemented. SP-2 
had a small amount of shear reinforcement. Two rows of 
D10 single-leg stirrups were placed at a spacing of 85 mm 
as a shear reinforcement along both principal directions. 
SP-3 had a large amount of shear reinforcement. Four 
rows of D10 single-leg stirrups were placed at a spacing 
of 85 mm as a shear reinforcement along both principal 
directions. SP-3 had twice the amount of shear reinforce-
ment than SP-2. Therefore, the objective was to investi-
gate the behavior of the slab–column connections with 
varying shear reinforcement.

Specimens with high flexural reinforcement ratio (SP-
4–6) were designed to investigate the behavior of the 
slab–column connections with varying flexural reinforce-
ment, and compared with specimens with low flexural 
reinforcement ratio (SP-1–3). The aim was to investigate 
the effect of the flexural reinforcement on the punching 
shear strength and the behavior of shear reinforcement 

Table 1 Summary of test specimens.

Nominal diameter of D10 is 9.53 mm

Nominal diameter of D16 is 15.9 mm

Specimens d (mm) Flexural reinforcement Shear reinforcement

Top bar (ρ) Bottom bar (ρ) Type and spacing 
(for each direction)

SP‑1 174 D16@150 in two direction (0.007) D10@130 in two direction (0.003) N/A

SP‑2 2‑D10@85

SP‑3 4‑D10@85

SP‑4 D16@75 in two direction (0.014) D16@150 in two direction (0.007) N/A

SP‑5 2‑D10@85

SP‑6 4‑D10@85

Fig. 1 Configuration of slab–column connection specimen.
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with varying flexural reinforcement. Therefore, except 
for the flexural reinforcement, the details and design con-
cepts of SP-4–6 were the same as those of SP-1–3. The 
shear reinforcement of specimens SP-4–6 was equal to 
that of SP-1–3.

3  Test Results
3.1  Result of Material Test
Specimen construction and loading were carried out 
twice, on SP-1–3 and SP-4–6, based on the amount of 
flexural reinforcement. Material tests were performed to 
investigate the concrete compressive strength and tensile 
strength of the reinforcement. Material tests were per-
formed on the same day as for the test of the slab–column 
connections. The result of the material test, in term of the 
concrete compressive strength and yield strength of the 
reinforcement, are shown in Tables 2 and 3, respectively. 
The compressive strength of concrete was larger than 

the expected 30  MPa in the initial design; it was meas-
ured as 34  MPa in SP-1–3 and 44  MPa in SP-4–6. The 
yield strengths of reinforcing bars D10 (400  MPa) and 
D16 (600 MPa) were 513 MPa and 652 MPa for SP-1–3 
and 459  MPa and 635  MPa for SP-4–6, respectively. In 
this study, the design yield strength of flexural reinforc-
ing bars D16 was planned to be higher than that of shear 
reinforcing bars D10 to induce punching shear failure 
rather than flexural yielding of the slabs.

3.2  Load–Deflection Relationship
Figure  4 shows the load–deflection relationship of the 
SP-1–6, slab–column connection specimens. The central 
displacement of the specimen, which is the X-axis value, 
was measured using the LVDT 9 (Fig. 2b), and the load 
on the Y-axis was the load applied in the direction of 
gravity in Fig. 2a. Table 4 summarizes the maximum load 
and central deflection at the maximum load of specimens 
SP-1–6 in Fig.  4. Figure  4a shows the load–deflection 
relationship for SP-1–3 with a small amount of flexural 
reinforcement, and Fig.  4b shows the load–deflection 
relationship for SP-4–6 with a large amount of flexural 
reinforcement. In order to compare the effect of the 
amount of flexural reinforcement on the strength of the 
slab–column connections, the load–deflection relations 
in Fig. 4a, b for SP-1–6 are collectively shown in Fig. 4c.

Figure  4a is a load–deflection graph of SP-1–3 with a 
small amount of flexural reinforcement. Table  4 shows 
the ultimate strength and central displacement at the 
initial diagonal crack. SP-1–3 have similar vertical dis-
placements at the ultimate strength. The strength of the 
specimen without shear reinforcement was 776 kN (SP-
1), whereas that with shear reinforcement was 1029  kN 
(SP-2) and 970  kN (SP-3). Although SP-3 has twice the 
amount of shear reinforcement compared to SP-2, the 
ultimate punching strengths of SP-2 and SP-3 were not 
significantly different. Rather, the strength of SP-2, which 
has a smaller amount of shear reinforcement, was meas-
ured to be higher than that of SP-3. In general, shear 
reinforcement is added to increase the shear strength of 
slab–column connections. However, experimental results 
indicate that for slab–column connections with a small 
amount of flexural reinforcement, the punching shear 
strength does not increase sufficiently even if more shear 
reinforcement is added. However, the graph for SP-3 is 
different from that of SP-2. At the ultimate strength, SP-3 
has a smaller vertical displacement than SP-2 and was 
destroyed at low load; however, SP-3 shows better ductil-
ity than SP-2. These results show that after the ultimate 
strength, shear reinforcement affects the ductile behavior 
of the slab–column connections.

Figure  4b shows the load–deflection graph of SP-4–6 
with a large amount of flexural reinforcement. For 

Fig. 2 Test setup for punching shear test. a Test set‑up, b Location of 
LVDTs.
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SP-4–6, unlike SP-1–3 in Fig.  4a, the ultimate strength 
increased in the order of SP-4–6 as the shear reinforce-
ment increased, and the displacement at maximum load 

also increased. For SP-6, which had a large amount of 
shear reinforcement, unlike the other specimens, the 
shear strength after the initial diagonal cracks was higher 

Fig. 3 Reinforcement details of test specimens.
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than that at the initial diagonal crack due to an increase 
in ductility after the initial diagonal crack. For a large 
amount of flexural reinforcement, these results are con-
sistent with those reported by Eom et al. (2018).

In Fig. 4c, all the graphs of SP-1–6 were compared with 
varying flexural reinforcement and shear reinforcement. 
Figure 4c shows that the stiffness of the specimens before 
the ultimate strength varies depending on the difference 
in the flexural reinforcement ratio. SP-4–6 with a high 
flexural reinforcement ratio show larger stiffness than 
SP-1–3 with a low flexural reinforcement ratio.

In SP-4–6 where the flexural reinforcement was large, 
the strength of SP-6 increased after the initial diago-
nal cracking. The initial diagonal cracks in the concrete 
are considered to have occurred at the point of the first 
peak in the load displacement graph of the test specimen. 
According to previous study (Eom et al. 2018), at the first 
peak, two-way concrete cracking began to occur signifi-
cantly and the contribution of shear reinforcements to 
the slab punching shear strength was less than 50% of 
their yield strength. However, in SP-1–3, where the flex-
ural reinforcement was small, an increase in strength 

after the initial diagonal cracking was not observed. In 
SP-3, which had the same amount of shear reinforce-
ment as SP-6 which showed an increase in strength, no 
additional strength increase was observed. SP-3 and SP-6 
behave differently depending on the amount of flexural 
reinforcement, indicating that the results of Eom et  al. 
(2018) can be effective in limited conditions. Eom et al. 
(2018) reported that if the amount of shear reinforce-
ment is increased regardless of the amount of flexural 
reinforcement, the ultimate punching strength increases 
after the initial diagonal crack, as shown in the graph for 
SP-6. However, in this study, the behavior of SP-3, which 
had a small amount of flexural reinforcement, was differ-
ent. Therefore, only the amount of shear reinforcement 
does not determine this strength increase after initial 
diagonal cracking. Moreover, the flexural reinforcement 
should be more than a certain amount for this strength 
increase after initial diagonal cracking.

In general, if the punching shear strength is insuffi-
cient in the design of slab–column connections, it could 
be made sufficient by adding shear reinforcement. How-
ever, adding shear reinforcement with hook detail on a 
thin slab significantly degrades the constructability. Fig-
ure 4c shows that the punching shear strength increases 
even more when only the flexural reinforcement is added 
to the control specimen (SP-1), such as the case of SP-4, 
than when the shear reinforcement is added to the con-
trol specimen (SP-1), such as the case of SP-2 or SP-3. 
Hence, if the punching shear strength is to be increased 
at the slab–column connection, additional flexural rein-
forcement could only be provided to the slab region 
where the slab–column is located, instead of shear rein-
forcement. Furthermore, additional reinforcement in the 
form of flexural reinforcement in a limited region will 
have a positive effect on constructability, as it replaces 
the complex set-up for shear reinforcement.

3.3  Crack and Failure Mode
Figure  5 shows the cracks and failure pattern on the 
opposite side of the column immediately after the end 
of the experiment for SP-1–6. All specimens show sim-
ilar shear cracks, with pierced shear failure and a simi-
lar cross section. However, on comparing the amounts 
of flexural reinforcements, SP-2–3 with a low flexural 
reinforcement ratio exhibit a distinct failure surface 
than SP-5–6 with a high flexural reinforcement ratio. 
In addition, SP-4–6 with a high flexural reinforcement 
ratio appear to have more small distributed cracks than 
SP-1–3 with a low flexural reinforcement ratio. For SP-2 
and SP-5 with the same small amount of shear reinforce-
ment, the hook for shear reinforcement was spread by 
the applied punching load, and the concrete cover was 
burst out. On the other hand, for SP-3 and SP-6 with the 

Table 2 Concrete compressive strength test.

Specimens Strength (MPa) Average 
strength 
(MPa)

SP‑1–3 32.84 34

29.49

39.5

SP‑4–6 43.82 44

43.62

44.44

Table 3 Rebar tensile strength test.

Specimens type Strength (MPa) Average 
strength 
(MPa)

SP‑1–3 D10 508 513

538

495

D16 650 652

654

652

SP‑4–6 D10 480.22 459

427.05

468.06

D16 610 635

667.42

628.39
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same sufficient amount of shear reinforcement, this phe-
nomenon did not occur; instead typical punching shear 
failure occurred. For SP-3 and SP-6 with a higher shear 
reinforcement, the load applied to each shear reinforce-
ment is reduced, the hook of the shear reinforcement can 
maintain its shape, and the concrete does not burst out to 
the maximum load.

3.4  Strain of Reinforcement
Figure 6 shows the location and number of strain gauges 
installed on the flexural reinforcement and shear rein-
forcement of SP-1–6. In Fig. 6a, d, the strain gauges for 
flexural reinforcement were installed at the same posi-
tions in two groups, SP-1–3 and SP-4–6. The strain 
gauges of Fig.  6a, d for flexural reinforcement were 
installed at the column surface of the specimen where the 
bending moment might be maximum, and between the 
column surface and supporting points. Strain gauges for 
shear reinforcement at shear reinforced specimens SP-2, 
3, 5, and 6 were installed at positions shown in Fig. 6b, c, 
e and f, respectively. In Fig. 6b, c, e and f, strain gauges 
for shear reinforcement were installed on the basis of the 
expected critical section of the specimen. Figure 7 shows 
the load–displacement graph of Fig. 4 and the strains of 
the re-bars from gauges which were installed at the loca-
tions shown in Fig. 6 for each specimen to easily under-
stand the behavior of the rebar under the ultimate state. 
In Fig. 7, the X-axis of the graph is the displacement of 
LVDT-9, which is the vertical displacement at the center 
of the connection. The Y axis is the ratio of the strain of 
the rebar (εs) to the yield strain of the rebar (εy), and it 
is judged that the rebar yielded when εs/εy = 1. The red 
dashed line in Fig.  7 shows the initial diagonal crack 
strength and the corresponding displacement of the 
specimen. The blue dashed line shows the initial diago-
nal crack strength and the corresponding displacement 
of the SP-1 and SP-4, which were compared with other 
specimens possessing the same flexural reinforcement 
ratio in the load–displacement graph.

Figure 7 shows that for all specimens SP-1–6, when the 
initial diagonal crack occurred, the strain of the flexural 
reinforcement was 0.33–0.58, which is similar regard-
less of the specimens, and the average strain was about 
0.44. These results indicate that the initial diagonal 
cracks are generated at the time when the connections 
undergo a certain amount of flexural damage regardless 
of the amount of flexural reinforcement or the amount 
of shear reinforcement of the slab–column connection 
specimens.

In addition, according to the blue dashed lines in the 
graphs of SP-2, SP-3, SP-5, and SP-6 which show the ulti-
mate strength and the corresponding displacement of 

a

b

low ρ specimen (SP-1, SP-2, SP-3)

high specimen (SP-4, SP-5, SP-6)

c all specimen (SP-1, SP-2, SP-3, SP-4, SP-5, SP-6)
Fig. 4 Vertical load–center deflection relationships of test specimens.

Table 4 Maximum load and  center deflection of  test 
specimens.

Specimens Maximum load (kN) Center deflection 
at maximum load 
(mm)

SP‑1 776 8.68

SP‑2 1029 9.72

SP‑3 970 8.88

SP‑4 1143 5.61

SP‑5 1429 7.46

SP‑6 1713 12.82
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SP-1 and SP-4 without shear reinforcement, shear rein-
forcement has little role at the time when the initial diag-
onal cracking of SP-1 and SP-4 occurred and the concrete 
resists punching shear.

SP-1–6 were divided into two groups, SP-1–3 and 
SP-4–6, based on the amount of flexural reinforcement. 
In the SP-1–3 group, where the amount of flexural rein-
forcement is small, initial diagonal cracking occurred at a 
similar center displacement, at 10 mm in all three speci-
mens. According to previous studies (Eom et  al. 2018), 
for specimens whose ultimate strength occurred at the 
initial diagonal crack, punching shear was resisted mainly 
by the contribution of the concrete, whereas that of the 
shear reinforcement to punching shear is not high.

SP-1 (Fig.  7a) without shear reinforcement was dam-
aged by shear without yielding of the flexural rebar; its 
maximum load is 776 kN. For SP-2 (Fig. 7b) with a low 
shear reinforcement, the maximum load increased to 
1029  kN due to the effect of shear reinforcement, and 
the strain of the flexural rebar at the diagonal cracking 
increased. The shear reinforcements yielded at the SA-2 
gauge located at the center of the critical section. On the 
other hand, SP-3 (Fig.  7c), which had more shear rein-
forcement than SP-2, did not yield for both flexural and 
shear reinforcements at the maximum load of 970  kN. 
The strain of shear reinforcement for SP-2 and SP-3 

shows a large difference in Fig. 7b, c. As mentioned ear-
lier, shear reinforcements in SP-2 yield, whereas those in 
SP-3 do not yield. Nevertheless, the ultimate strengths of 
the two specimens are similar. At similar ultimate load-
ing, the shear reinforcement of SP-3 seems to have a 
relatively low load resistance, because it had more shear 
reinforcement than SP-2.

The shear strength of SP-3, in which the flexural rein-
forcement is relatively small and the shear reinforcement 
is large, is considered to be limited due to the influence 
of flexural shear crack behavior (Fig.  8). Figure  8 is a 
conceptual diagram showing the flexural-shear cracks, 
whose diagonal shear crack developed from the expan-
sion of initial flexural cracks.

As shown in Fig.  8, if the amount of flexural rein-
forcement is small and even if the amount of shear 
reinforcement is large, it is likely that the slab–column 
connections might fail before the shear reinforcement 
can sufficiently contribute, because the initial flexural 
crack developed and the flexural crack width significantly 
increased. Therefore, shear reinforcement does not play 
a major role when the amount of flexural reinforcement 
is small. Consequently, securing only the shear rein-
forcement at the slab–column connection under a small 
amount of flexural reinforcement might not be effective 
to improve the punching shear strength.

Fig. 5 Concrete cracks at the end of the test.
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SP-4 (Fig.  7d) without shear reinforcement failed at a 
maximum load of 1143 kN and the behavior of the flex-
ural rebar to the maximum load was similar to SP-1. For 
SP-5 (Fig. 7e) with a low shear reinforcement, the maxi-
mum load increased to 1429 kN due to the effect of shear 
reinforcement, and the strain of the flexural rebar at the 
diagonal crack increased. Like SP-2, the shear reinforce-
ments yielded at the SA-2 gauge of SP-5 located in the 
critical section. SP-6 (Fig.  7f ), which had more shear 
reinforcement than SP-5, had 1607 kN load at the initial 
diagonal crack, which increased gradually to 1713 kN.

In Fig.  7f, the additional strength development phe-
nomenon appears to be caused by the increase in the 
strength contribution of the shear reinforcement in SP-6 
with a large amount of shear reinforcement. However, 
SP-3, which has the same amount of shear reinforcement, 
does not behave like SP-6. This difference attributed to 
the effect of flexural reinforcement, which is the only 
difference between SP-3 and SP-6. When the amount 
of flexural reinforcement is large, which controls the 

expansion of the crack surface and flexure damage after 
diagonal cracks, the shear reinforcement can play a role 
properly. In Fig.  7, the strains of the flexural reinforce-
ments after diagonal cracking in SP-4–6 are considerably 
higher than those in SP-1–3, which also demonstrates 
the effect of flexural reinforcement. Therefore, in order to 
improve the punching shear performance of slab–column 
connections, sufficient flexural reinforcement should be 
secured, especially when a large amount of shear rein-
forcement is used.

3.5  Examination and Improvement of Punching Shear 
Strength Design Formula

Table  5 shows the punching shear strength of SP-1–6 
evaluated by test and that predicted by ACI 318 (ACI 
2014) and KCI 2012 (KCI 2012) design codes, respec-
tively. Table 5 also shows the ratio of the test results for 
SP-1–6 to the punching shear strength predictions by 
ACI 318 (ACI 2014) and KCI 2012 (KCI 2012) design 
codes. Figure  9 shows the strength ratio as a function 

Fig. 6 Setup details of strain gauge.
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of the amount of shear reinforcement in Table  5. In 
the graph, the effect of the amount of shear reinforce-
ment with varying the flexural reinforcement ratio and 

the accuracy of the estimation formula by the codes 
are shown. Figure 9a, which is based on ACI 318 (ACI 
2014), shows a relatively accurate strength estimation 
when the flexural reinforcement ratio and amount of 

a SP-1 d SP-4

b SP-2 e SP-5

c SP-3 f  SP-6
Fig. 7 Strains of flexural and shear reinforcements.
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shear reinforcement are small. However, if the amount 
of shear reinforcement is large while that of the flexural 
reinforcement is small, the strength of the slab–column 
connection is overestimated and evaluated as unsafe. 

As shown in Fig.  9b, the KCI 2012 (KCI 2012) code 
accurately estimates the strength of all six specimens, 
which is possible because the code considers the effect of 
flexural reinforcement on the punching shear strength by 
concrete. However, when the flexural reinforcement ratio 
is low, the strength of the specimen with shear reinforce-
ment is overestimated as the amount of shear reinforce-
ment increases. Therefore, for a specimen with a small 
amount of flexural reinforcement, it is necessary to add 
a factor that considers the flexural reinforcement ratio in 
the calculation of the strength of the shear reinforcement 
for high accuracy.

A strength reduction factor (α) that can evaluate the 
performance of the shear reinforcement, which var-
ies with the flexural reinforcement ratio, is proposed in 
Eqs. (9), (10a) and (10b).

(9)Vn,KCI(modified) = Vc + 0.5αVs

(10a)α = 1(ρ ≥ 0.014)

(10b)

α =
0.65

0.007
(ρ − 0.007)+ 0.35(0.007 < ρ < 0.014)

where, Vc is the shear strength of the concrete, Vs is the 
shear strength of the shear reinforcement, α is a strength 
reduction factor affecting the shear strength of shear 
reinforcement due to the amount of flexural reinforce-
ment, ρ is the flexural reinforcement ratio.

Equations  (9), (10a) and (10b) are design formula that 
consider the strength reduction of the shear strength by 
the shear reinforcement based on KCI 2012 (KCI 2012). 
Table 5 and Fig. 9c show the shear strengths estimated by 
the above formula and the actual experimental results. 
Thus, the punching shear strength of the connection with 
a small amount of flexural reinforcement can be esti-
mated with higher accuracy.

To verify the validity of the proposed method, the pro-
posed method was analyzed using the existing 73 test 
results by various researchers (Adetta and Polak 2005; 
Kinnunen and Nylander 1960; Langohr et  al. 1976; 
Mokhtar et al. 1985; Seible et al. 1980; Sherif and Dilger 
2000; Vam der Voet et  al. 1982; FIP 12. 2001 and etc.) 
which are same test data analyzed by the previous study 
(Eom et  al. 2018). Detailed specimen properties of the 
existing test used in this study were introduced in the 
study by Choi et al. (2011) and Eom et al. (2018). As with 
the study by Eom et al. (2018), the comparison with tests 
is limited to the specimens with a total nominal punch-
ing shear strength Vn (= 0.5Vc + Vs) not greater than the 
allowable maximum by ACI 318 (= 0.5 

√

f
′

c  bod), because 
specimens with relatively heavy shear reinforcement may 
be failed by the crushing of concrete strut and therefore 
the proposed method effectively works for specimens 
with diagonal shear failure mode. In comparison of the 
prediction on existing test results by ACI 318 and pro-
posed method, as shown in Fig.  10a, c, the average and 
COV (coefficient of variation) of Vu/Vn ratios by the pro-
posed method are improved considerably. In comparison 
of the prediction by KCI 2012 and proposed method, 
as shown in Fig.  10b, c, the average and COV of Vu/Vn 
ratios by KCI 2012 and proposed method are almost sim-
ilar. However, overestimation of punching shear strength 

Fig. 8 Diagonal tension crack.

Table 5 Punching shear strength by concrete code.

Specimens Experiment load 
(1) (kN)

ACI 318 (2) (kN) KCI 2012 (3) (kN) KCI 2012 (4) 
(modified, kN)

(1)/(2) (1)/(3) (1)/(4)

SP‑1 776 843.39 752.69 752.69 0.92 1.03 1.03

SP‑2 1029 1030.62 1057.19 858 1.0 0.97 1.19

SP‑3 970 1639.54 1361.7 962.65 0.59 0.71 1.0

SP‑4 1143 949.3 1047.78 1047.78 1.2 1.09 1.09

SP‑5 1429 1009.43 1315.16 1316 1.41 1.08 1.08

SP‑6 1713 1544.2 1582.56 1583 1.1 1.08 1.08

Ave 1.037 0.993 1.078

STDEV 0.277 0.146 0.065
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on the slabs with low flexural reinforcement ratio by 
KCI 2012 (i.e. Vu/Vn < 1.0 ) was reduced considerably 
by using the proposed method. Therefore, by using the 
proposed method, it is possible to perform safe punching 
shear design for the slabs with low flexural reinforcement 
ratio.

4  Summary and Conclusions
In this study, to investigate the ultimate punching 
shear behavior of slab–column connections with vary-
ing flexural reinforcement and shear reinforcement, an 
experimental study was carried out. Six specimens were 
designed based on the amounts of flexural reinforcement 
and shear reinforcement. Particularly, the purpose of this 
study was to verify the effect of flexural reinforcement on 

the punching shear behavior of shear reinforced slab–
column connections. Finally, the current design codes 
such as ACI 318 (ACI 2014) and KCI 2012 (KCI 2012) 
were examined to determine whether the effects of vari-
ous flexural reinforcement ratios on the punching shear 
strength of shear reinforced slab–column connections 
are reflected. Finally, a design formula that considers 
the flexural reinforcement ratio in the calculation of the 
punching shear strength of the slab–column connection 
was proposed and verified using experimental results. 
The primary findings and conclusions of this study are as 
follows.

1. Due to the punching shear test on the slab–column 
connection, the amounts of shear reinforcement and 
flexural reinforcement interactively affect the punch-
ing shear strength of the slab–column connection. 
Specifically, the amount of flexural reinforcement has 
a significant influence on the behavior of the slab–
column connection.

2. Experimental results indicated that the increase of 
shear reinforcement for a low flexural reinforce-
ment ratio had limitations in increasing the punching 
shear strength of the connection. When the flexural 
reinforcement ratio was low, the damage caused by 
flexure reduces the shear resistance of the shear rein-
forced slab–column connection.

3. On the other hand, it was confirmed that the shear 
strength increases with shear reinforcement, when 
the flexural reinforcement ratio is more than a cer-
tain amount. Therefore, when the shear performance 
of the slab–column connection is insufficient, the 
amount of flexural reinforcement should be consid-
ered rather than simply increasing the amount of 
shear reinforcement.

4. In a previous study by Eom et  al. (2018), if the 
amount of shear reinforcement was increased regard-
less of the amount of flexural reinforcement, the ulti-
mate punching strength increased after the initial 
diagonal crack. However, in this study, the slab–col-
umn connection, which had a small amount of flex-
ural reinforcement, behaved differently. Therefore, 
in itself, the amount of shear reinforcement does not 
determine this strength increase after initial diagonal 
cracking, but the flexural reinforcement should be 
more than a certain amount for this strength increase 
after initial diagonal cracking.

5. Experimental results evaluated by the KCI 2012 (KCI 
2012) design formula and the ACI 318 (ACI 2014) 
design formula indicate that the punching shear 
strength evaluation formula of KCI 2012 (KCI 2012), 
which considers the effect of the flexural reinforce-
ment ratio on the shear strength by concrete is more 

a

b

c

ACI 318

KCI 2012

KCI 2012 (modified)
Fig. 9 Comparison of punching shear strengths by concrete code 
and proposed method.
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accurate than that of ACI 318 (ACI 2014). However, 
in both design formula, shear strength evaluation for 
the shear reinforcement tends to overestimate the 
shear strength when the flexural reinforcement ratio 
is low and the amount of shear reinforcement is large, 
as the effect of flexural reinforcement on the shear 
strength, by the amount of shear reinforcement, is 
not considered.

6. Thus, the strength reduction factor for the shear rein-
forcement considering the effect of flexural reinforce-
ment was proposed. Using the proposed method, the 
punching shear strength of shear reinforced slab–col-
umn connection could be estimated more stably. And 

the validity of the proposed strength reduction factor 
was verified by comparing its prediction results with 
existing test data.

The proposed method in this study is limited to con-
centric axial loading to the slabs with symmetric longi-
tudinal bar condition. Therefore, further study is needed 
to analyze the punching shear strength of the slabs with 
asymmetric longitudinal bars under various loading con-
ditions such as eccentric or lateral loadings.
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