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Abstract
The punching shear performance of reinforced concrete (RC) slab–column joints with shearhead reinforcement was

investigated to optimize shearhead reinforcement design. Nine slab–column joint specimens were designed with different

flange thicknesses, web thicknesses, cantilever lengths, and anchor stud sizes. The specimens were subjected to reversed

static loading tests to investigate their failure history and failure modes; measure the load capacity, deformation, and strain

of the joints; investigate the influence of different design combinations on the punching shear failure mode and load

capacity of the joints; and elucidate their failure mechanisms. Test simulation analysis and numerical parametric analysis

were conducted based on the test results. The results showed that the shearhead enhanced the punching shear performance

of the slab–column joint and improved the brittleness of the punching shear failure. Installing steel section flanges and

anchor studs enhanced the synergy among the longitudinal reinforcement, steel section, and concrete in the joint, and

increasing the web thickness and installing flanges both improved the punching shear capacity and ductility of the joint.

The installation of flanges on the web of the steel section increased the ultimate load capacity by more than 40% and

increased the mid-span displacement at failure by more than twice that of the specimen without flanges and the specimen

with studs. Adding anchor studs to the web of the steel section increased the ultimate punching shear capacity of the RC

slab–column joint by 25%. Using anchor bolts instead of flanges improved the punching shear capacity of the joint but was

not as effective in improving ductility. Increasing the flange thickness to increase the load capacity had a marginal effect;

the ultimate load capacity increased by only 7% when the web area increased by 2/3, and the shearhead did not enhance

punching shear capacity if the cantilever of the steel section was too short. Finally, based on the existing code, test results

and numerical parametric analysis results, a method for calculating the punching shear capacity of RC slab–column joints

with shearhead reinforcement was proposed.
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1 Introduction

Reinforced concrete (RC) flat slab floor systems are widely

used in high-rise building structures with underground

garages. However, the slab–column joints of RC flat slab

floors can experience large shear forces and bending

moments and thus are prone to brittle punching shear

failure [1, 2]. In existing studies on slab–column joints, the

punching shear capacity of the joint was enhanced by

placing punching shear-resisting elements such as bent-up

bars and stirrups, shear studs, and shearhead reinforce-

ments [3–7]. In 1968, researchers at the University of

London first proposed the shearhead reinforcement method

[8], and static load test results indicated that the shearhead

can significantly improve the punching shear capacity and

brittle failure of a joint. Based on these test results, the

American standard [9] prescribed the design method for

slab–column joints with shearhead reinforcement. In the

past decade, composite punching shear-resisting elements

related to shearhead reinforcement, including flexural steel

plates welded to the ends of steel section cantilevers [10]

and shear studs welded to perforated steel plates [11], have

been developed. The reliability of slab–column joints with

shearhead reinforcement in ACI 318–10 was evaluated

[12]. The influence of different steel section arrangements

with the same amount of steel on the seismic performance

of two-way slab–column joints was investigated [13]. It

was experimentally confirmed that the punching shear

capacity of an RC slab-concrete-filled steel tube (CFST)

column joint with shearhead reinforcement is significantly

greater than that of an ordinary RC slab–column joint

[14, 15]. The influence of the cantilever length and cross-

sectional dimensions of the steel section on the punching

shear performance of an RC slab–CFST column joint was

studied, and a model for calculating its punching shear

capacity considering the influence of steel section design

variables was proposed [10]. The shear transfer mechanism

and influence mechanism of RC slab–steel column joints

with shearhead reinforcement were investigated, and a

simplified design method was proposed [16]. The concrete

plastic damage model was applied to perform finite ele-

ment (FE) numerical simulations of RC slab–column joints

[17]. A theoretical model based on the analysis of an FE

model was developed [18]. RC slab-column joints under a

dynamic reciprocating load were analyzed via FE simula-

tions [19]. The possible vertical load and reversed hori-

zontal load on RC slabs were studied using numerical

simulations [20]. In ACI 318–08 [9], an equation for the

flexural capacity of a joint with shearhead reinforcement

was given, but the calculation method for its punching

shear capacity was not provided. China’s Code for the

Design of Concrete Structures [21] provides a method and

equations for calculating the punching shear capacity of

slab–column joints without stirrups or shear reinforcement,

without mentioning the embedded shearhead or other

punching shear-resisting elements. The design method of

slab–column joints with shearhead reinforcement presented

in China’s Technical Specification for Concrete Structures

Prestressed with Unbonded Tendons [22] follows the

method presented in ACI 318–08. Evidently, there remains

a lack of relevant research and applications for this type of

joint in China. At present, the research and design methods

for determining the punching shear performance of RC

slab–column joints with shearhead reinforcement still have

room for improvement. In particular, there is a severe lack

of experimental and theoretical research on the influences

of the number and size of steel sections on the punching

shear performance of RC slab–column joints, restricting

their application in high-rise building structures with

underground garages. The design of slab–column joints

with shearhead reinforcement based on existing design

methods may not only cause unnecessary construction

waste but also introduce unexpected safety risks. To pro-

mote the application of shearhead reinforcement in RC

slab–column joints, sufficient experimental verifications

along with reasonable, reliable design theories and methods

are needed.

In this study, based on an actual engineering project,

nine RC slab–column joint specimens were designed by

considering the flange thickness, web thickness, cantilever

length, and auxiliary stud size of the steel section as vari-

ables, and then the specimens were subjected to static

loading failure tests. The failure process and failure modes

of the specimens were investigated, their punching shear

performance and ductility characteristics were explored,

the influence of the steel section size on the punching shear

capacity was analyzed, and the design calculation equa-

tions in the existing code were examined to provide test

bases and optimized solutions for the design and applica-

tion of RC slab–column joints with shearhead

reinforcement.

2 Overview of the Experimental Work

2.1 Specimen Design

Nine RC slab–column joint specimens with shearhead

reinforcement were designed. The reinforcement and

shearhead arrangement of the specimens are shown in

Fig. 1 (taking specimen SC2 as an example). The flange

thickness, web thickness, cantilever length, and stud

specifications of the steel section are shown in Table 1. The

RC slab had cross-sectional dimensions of

2000 9 2000 9 300 mm, and a short RC column of
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400 9 400 mm was set at the geometric center of the slab.

C45 and C40 concrete, Q345 steel, and HRB400 rebar

were used to fabricate the specimens, and the reinforce-

ment ratio of the slab section was 1.77%. S pecimen SC1

was a control without a shearhead; specimens SC2–SC5

were used to investigate the influence of the flange thick-

ness of the steel section; specimens SC5 and SC6 were

used to examine the influence of the studs; specimens SC3

and SC7 were used to investigate the influence of the web

thickness; specimens SC3, SC6, SC7, and SC8 were used

to examine the influence of the flange and stud interchange;

specimens SC6 and SC8 were used to investigate the

combined influence of the web thickness and stud size; and

specimens SC3 and SC9 were used to examine the shear-

head cantilever length.

2.2 Test Materials

The specimens were cast in two batches. The ultimate

compressive strength of the concrete cubes f cu was deter-

mined according to the Standard for Test Method of

Mechanical Properties on Ordinary Concrete (GB/T

50081–2002) [23]. The ultimate axial compressive strength

f c and the ultimate tensile strength f t of the prismatic

specimens were calculated according to the Standard for

Test Method of Concrete Structures (GB/T 50152–2012)

[24]. As shown in Table 2, the concrete strengths of

specimens SC3–SC9 were lower than those of specimens

SC1–SC2. The basic mechanical properties of the steel bars

and sections are listed in Table 3. The shear yield strength

of steel bars was determined by the dip test method, where

the steel bar is placed in the fixed fixture and the tilt force is

applied on one side to make it tilt to determine the shear

strength.

2.3 Test Setup

For ease of description, in accordance with the placement

direction of a specimen during the test loading, the upper

side of the specimen (with an RC column) was defined as

(a) Reinforcement layout (b) Steel section size

(c) Flanged steel section (d) Flanged steel section
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Fig. 1 Specimen dimensions, reinforcement layout and steel section information

Table 1 Specimen details

Specimen Thickness

of web t1
(mm)

Thickness

of flange t2

(mm)

Cantilever

length l

(mm)

Specification

of pins

SC1 – – – –

SC2 12 34 1700 –

SC3 12 16 1700 –

SC4 12 6 1700 –

SC5 12 – 1700 –

SC6 12 – 1700 M16

SC7 20 16 1700 –

SC8 20 – 1700 M19

SC9 12 16 1200 –

Table 2 Concrete properties

Specimens Strength grade f cu (MPa) f c (MPa) f t (MPa)

SC1–SC2 C45 45.93 34.91 3.24

SC3–SC9 C40 40.20 30.55 3.01
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the top of the slab, and the lower side of the specimen

(without a column) was defined as the bottom of the slab.

The test setup is illustrated in Fig. 2. Steel rollers were

used to simulate simple supports on four sides, which can

roughly characterize the force characteristics along inflec-

tion lines. A hydraulic jack was used to apply a vertical

load to the RC short column, which worked jointly with

simple supports to simulate the punching effect on an

actual slab–column joint. During the test, the crack

development and failure modes of the specimen were

investigated, and the vertical load, slab top and bottom

displacements, bottom of the slab longitudinal reinforce-

ment strain, concrete strain, and steel section strain were

recorded.

The specimens and test scheme designed in this paper

are bidirectional and positively symmetric. In the test

process, only the strain of key parts within 1/4 of the

specimen needs to be measured to understand the global

internal force evolution. However, considering the com-

plexity of flexural and shear composite forces and the

criticality of the steel shearhead, the measuring point

arrangement of the steel shearhead is more comprehensive.

To collect the displacement development of the top and

bottom of the slab, 7 displacement meters (D1–D7) are

installed, as shown in Fig. 3a. On the top of the slab, dis-

placement meters D1 and D2 measure the vertical dis-

placement at the support, and displacement meters D3 and

D4 measure the vertical displacement at a position 100 mm

away from the side of the loading RC column edge. As

shown in Fig. 3b, the displacement at the center of the slab

bottom is the largest, which is measured by displacement

meter D5. Displacement meters D6 and D7 measure the

vertical displacement 300 mm away from the loading RC

column edge, displacement meters D3 and D4, as well as

D6 and D7, can be compared with each other, and the

displacement development from the edge to the center of

the slab can be understood by displacement meters D5, D4

(D3) and D6 (D7). The strain at the loading RC column

edge and 300 mm away from the column edge is mainly

collected for longitudinal steel bars. Ten measuring points

(R1–R10) are arranged at the bottom of the slab, and 10

measuring points (R11–R20) are arranged on the top of the

slab to measure the strain development of the bidirectional

steel bars. The strain collection of concrete can only be

limited to before concrete cracking, which is mainly to

confirm the failure mode of the specimen, and the number

of arrangements is small. Four measuring points (C1–C4)

are arranged on the top of the slab, and 6 measuring points

(C5–C10) are arranged on the bottom of the slab to mea-

sure the strain development of the two-way concrete before

cracking. The section steel strain is a key concern and has

an important influence on the analysis and judgment of the

effect of the section steel shearhead. Therefore, 8 mea-

suring points (S1–S8) are arranged on the upper flange of

the section steel, 8 measuring points (S9–S16) are on the

lower flange of the section steel, and 6 measuring points

(S17–S22) are on the web of the section steel to investigate

the development of internal forces in both directions.

Figure 3 shows the arrangement of the measurement

points, with the numbers in parentheses denoting the

measurement points on the lower flange of the steel

section.

3 Failure of the Tested Specimens

3.1 Failure Process and Failure Modes

The parameters (load and displacement) at the character-

istic points during the test are shown in Table 4. The dis-

placements are the mid-span displacements measured by

Table 3 Rebar properties

Steel type Strength grade Diameter (mm) Tensile yield strength f y (MPa) Shear yield strength f vy (MPa) Yield strain

Reinforcement HRB400 25 558 322 2790

12 420 242 2100

Steel section Q345 – 395 228 1975

Fig. 2 Test setup
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D5 at the bottom of the slab. Figure 4 shows the crack

pattern at the bottom of the slab for each specimen after

loading. The crack development and failure process of the

slab–column joint specimens was roughly divided into the

following stages: first, circumferential punching shear

cracks appeared 300–400 mm from the edge of the column

(a) Displacement measurement points on the top of the slab (b) Displacement measurement points at the bottom of the slab

(c) Longitudinal reinforcement strain measurement points on the top of the 

slab

(d) Longitudinal reinforcement strain measurement points at the bottom of 

the slab

(e) Concrete strain measurement points on the top of the slab (f) Concrete strain measurement points at the bottom of the slab

(g) Measurement points on the upper flange of the steel section (h) Measurement points on the web of the steel section
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Fig. 3 Layout of the measurement points
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on the bottom of the slab; the circumferential cracks

gradually coalesced to form a main circumferential crack,

which developed toward the top of the slab to form a

punching cone, while radial cracks radiating to the four

corners of the slab appeared around the main circumfer-

ential crack; abrupt displacement occurred near the ulti-

mate capacity, and the RC column was punched downward

into the slab along column edges; and finally, the loading

was stopped due to concrete crushing near the column

edges or in the support region.

The test phenomena of specimens SC1–SC9 were

essentially similar in the initial stage of loading when the

deformation of the specimens was very small, and the bond

between the steel section and concrete ensured that the two

worked together. When the load reached 0.35–0.5 Fu (Fu

was the ultimate load), the initial cracks around the column

appeared on the concrete surface at the bottom of the slabs

of specimens SC1–SC8 at 300–400 mm from the edge of

the column, and the initial circumferential cracks in spec-

imen SC9 were farther from the column center because its

steel section had a shorter cantilever than those in the other

specimens. When the load reached approximately 0.6 Fu,

the stress in the lower flange of the steel section and in the

web increased at an accelerated rate. As the load continued

to increase, the cracks at the bottom of the slab increased

and propagated, and the circumferential cracks developed

to form an obvious main crack. Moreover, a small number

of radial cracks gradually formed along the diagonals of the

slab centered on the column outside the main circumfer-

ential crack. Near the ultimate load Fu, the width of the

circumferential cracks in specimens SC1, SC5, and SC9

increased significantly to form a punching cone that pen-

etrated the slab, and the radial flexural cracks in specimens

SC3, SC4, SC7, and SC8 extended inward from outside the

main circumferential crack to the center of the bottom of

the slab. As the specimens failed, the end of the RC column

punched into the slab, crushing the concrete of the slab at

the edges of the RC column. The shearhead played a role in

restraining the development of the circumferential and

radial cracks, gradually sharing the internal bending and

shear forces released by the cracked concrete and

restraining the tensile and compressive deformation of the

concrete, thus delaying the formation and development of

the punching cone.

3.2 Section-Cutting Plane Analysis

To investigate the internal crack pattern due to the

punching shear failure cone, the RC slabs of specimens

SC4, SC6, and SC8 were cut open 500 mm from the col-

umn edge after the test. The section-cutting planes are

shown in Fig. 5.

In all three specimens, there was a clear concrete frac-

ture zone at the longitudinal reinforcement at the bottom of

the slab. The fracture zone included a horizontal crack

approximately 1600–1700 mm long, with dislocation slip

between the longitudinal reinforcement and the concrete.

At the two lower ends of the section-cutting plane, oblique

cracks developed horizontally along the upper surface of

the longitudinal reinforcement for approximately

300–400 mm, a phenomenon related to the yield range and

dowel effect of the longitudinal reinforcement. The cracks

were ‘‘concave,’’ and the angle between the line connecting

the punching oblique crack and the initial intersection of

the longitudinal reinforcement at the bottom and the top of

the slab and the horizontal plane was defined as the oblique

crack inclination angle [25], as shown in Table 4. The

crack pattern observations from the section-cutting planes

indicated that the oblique crack patterns in the specimens

with shearhead reinforcement were relatively gentle com-

pared to the punching oblique crack patterns in the RC

slab–column joint specimen without a shearhead (assumed

to be 45� in GB50010-2010) [21]. Based on the angle of the

oblique cracks and the cracks at the bottom of the slab, the

Table 4 Test results at characteristic points

Specimen Cracking point Ultimate point Average dip angle (�) Failure mode

Load Fcr (kN) Deflection (mm) Load Fu (kN) Deflection

(mm)

SC1 650 1.2 3036 6.8 – punching-shear

SC2 2500 3.0 5079 17.6 – flexural–punching shear

SC3 1780 3.9 3555 22.2 – flexural

SC4 1100 2.5 3252 21.1 25.9 flexural

SC5 900 1.4 2336 5.9 – flexural–punching shear

SC6 1380 3.7 3137 8.1 26.6 flexural–punching shear

SC7 1540 4.0 3807 20.5 – flexural

SC8 840 1.8 2807 8.7 27.9 flexural

SC9 800 2.2 2667 11.2 – punching-shear
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(a) SC1 (b) SC2

(c) SC3 (d) SC4

(e) SC5 (f) SC6

(g) SC7 (h) SC8

(i) SC9

Fig. 4 Cracks at the bottom of the slab
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punching oblique cracks all crossed the steel section to

varying degrees, indicating that the embedded shearhead

improves the punching shear capacity of a slab–column

joint and inhibits the rapid development of the punching

plane.

3.3 Failure Modes

To date, there has been no clear criterion for distinguishing

between the punching shear failure mode and the flexural

failure mode of RC slab–column joints. According to the

criterion given in the literature [26], specimens that form a

plastic fracture zone at the bottom of the slab are defined as

flexural failure specimens, specimens that form a main

circumferential crack are defined as punching shear failure

specimens, and those in between are defined as flexural–

punching shear failure specimens. On this basis, the failure

modes of nine specimens are determined (Table 4), as

shown in Fig. 6.

Specimen SC1 is compared with specimens SC2–SC9 to

investigate the effect of the shearhead. Specimen SC1,

which was not equipped with shearhead reinforcement,

formed through-punching shear cracks at the bottom of the

slab without flexural cracks extending into the main cir-

cumferential crack, suggesting a typical punching failure

mode and a significantly low punching shear capacity.

The influence of the flange thickness of the shearhead on

the failure mode is investigated by comparing specimens

SC2–SC5. When the flange thickness was within a certain

range (specimens SC3 and SC4), the slab–column joints

underwent flexural failure; when the ultimate capacity was

reached, the deformation of the slab increased, and there

was a high stress in the longitudinal reinforcement at the

bottom of the slab; the longitudinal reinforcement and the

shearhead jointly resisted bending and punching. When the

flange thickness was too great (specimen SC2), the speci-

men experienced flexural–punching shear failure, which is

between flexural failure and punching shear failure. This

failure occurs because a thicker flange provides a higher

flexural stiffness; hence, the shearhead is subjected to more

bending moments than the concrete, resulting in fewer

flexural cracks in the concrete at the bottom of the slab and

a tendency for the failure mode to be punching shear

failure. However, considering the ultimate capacity of

specimen SC2, the thickened flange still played a role in

enhancing the punching shear capacity. When the shear-

head was not designed with flanges (specimen SC5), the

failure mode changed from flexural failure to flexural–

punching shear failure, and the capacity and deformation of

the specimen were significantly lower than those of spec-

imens reinforced by the shearhead with flanges or studs.

These results occurred because it was difficult for the steel

section without flanges to work together with the slab

concrete and longitudinal reinforcement, and thus the

concrete in the compression zone was crushed rapidly,

resulting in local failure; the flexural and shear capacities

of the flange-free steel section itself were relatively

reduced. The above phenomena indicate that the punching

shear capacity of a slab–column joint is not independent of

Punching oblique 

cracksHorizontal cracks

Steel section

(a) SC4 

Horizontal cracks
Steel section

Punching oblique 

cracks

(b) SC6

Punching oblique 

cracks

Horizontal cracks

Steel section

(c) SC8

Fig. 5 Crack patterns in the section-cutting planes
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the flexural capacity but is the result of the combined

action of the flexural and shear capacities.

The influences of the stud diameter and web thickness

were investigated by comparing specimens SC5, SC6, and

SC8. The installation of studs on the web of the steel

section (specimen SC6) improved the cracking and spalling

of the concrete, indicating that the studs help to maintain

the integrity of the steel and the concrete, which results in

better synergy between the two in resisting punching shear

and addresses the problem that webs alone cannot fully

provide the required shear resistance. A comparison of

specimens SC6 and SC8 reveals that the failure mode of

the specimens changed from flexural–punching shear fail-

ure to flexural failure by appropriately thickening the web

and increasing the stud diameter, indicating that changing

the web thickness and the restraining effect changes the

failure mode.

Specimens SC4 and SC6 were compared with speci-

mens SC7 and SC8 to investigate the influence of flange

and stud interchange. Specimens SC4 and SC7, which had

(a) Punching shear failure (b) Flexural failure

(c) Flexural–punching shear failure

Fig. 6 Typical failure modes
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flanged steel sections, underwent flexural failure. In con-

trast, specimens SC6 and SC8, which had studs instead of

flanges, experienced flexural failure and flexural–punching

shear failure, respectively; had fewer flexural cracks than

did the specimens with flanged sections; and exhibited little

deformation of the slab when the ultimate load was

reached. This comparison indicates that both flanges and

studs help to improve the synergistic action of the steel

section, longitudinal reinforcement, and concrete to delay

brittle punching shear failure, and the use of flanges out-

performs the use of studs.

A comparison of specimens SC3 and SC9 was carried

out to investigate the influence of the cantilever length of

the steel section. Specimen SC9, with a shorter cantilever

length of the shearhead, underwent punching shear failure,

and the extent of the circumferential punching shear

cracking at the bottom of the slab was significantly greater

than that of the other specimens, with the punching cone

exceeding the cantilever tip of the steel section, indicating

that the shorter cantilever of the steel section allows the

punching oblique crack to propagate outward along the

cantilever to resist the punching action [27].

In general, when the flexural strength provided by the

shearhead was lower than its shear strength (e.g., speci-

mens SC4 and SC6), the RC slab tended to undergo flex-

ural failure, and the longitudinal reinforcement at the

bottom of the slab yielded or nearly yielded. When the

flexural strength provided by the longitudinal reinforce-

ment or steel section is greater than the shear strength (e.g.,

specimen SC2), although the RC slab fails with the for-

mation of a punching cone, the tensile reinforcement at the

bottom of the slab does not reach the yield state, the lon-

gitudinal reinforcement induces a certain dowel effect,

which inhibits the expansion of cracks, and the shearhead

shares a large portion of the internal force until the con-

crete at the top of the slab is crushed. Therefore, specimens

with embedded shearhead reinforcement, regardless of

whether they undergo flexural failure or punching shear

failure, have an improved deformation capacity to a certain

extent, which is clearly different from that of ordinary RC

slab–column joints that undergo brittle punching shear

failure.

4 Analysis and Discussion of the Test Results

4.1 Load–Displacement Curves

The test results are analyzed to evaluate the deformation

capacity and ductility of the specimens using two indica-

tors, namely, the mid-span displacement when the ultimate

load is reached and the unloading gradient of the relative

deformation after the ultimate load is reached. The smaller

the unloading gradient is, the better the ductility. Con-

versely, the larger the unloading gradient is, the poorer the

ductility, which is reflected in the load–displacement curve

as an abrupt drop after the peak point.

The load–displacement curves of the nine slab–column

joint specimens are shown in Fig. 7. Before the concrete

cracks, the slope of the load–displacement curve remains

essentially constant; after entering the plastic stage, the

slope of the curve decreases until a significant change in

slope is reached. Near the ultimate load, except for the load

capacity of control specimen SC1, which suddenly

decreases, the capacity of each specimen with an embed-

ded shearhead decreases gradually, and the deformation

capacity increases significantly until the specimen fails

completely, exhibiting good plastic deformation capacity.

The plastic deformation segment of the load–displacement

curve of specimens SC2–SC8 with an embedded shearhead

is relatively flat and does not show abrupt changes, while

the load–displacement curves of specimens SC1 and SC9,

which experienced punching shear failure, decrease

rapidly.

Figure 7a compares the results of specimen SC1 with

those of specimens SC2 and SC5 to examine the contri-

bution of the embedded shearhead to the punching shear

capacity and deformation capacity of the slab–column

joint. Under the same conditions, compared with SC1, SC2

was embedded with shearhead reinforcement, and as a

result, its ultimate load capacity increased by 67.3%, and

its mid-span displacement at failure increased by 158.8%.

The ultimate load capacity of specimen SC5 was relatively

small due to its relatively low concrete strength. After

reaching the ultimate load, the curve of specimen SC1

drops abruptly, indicating poor ductility, while the curves

of specimens SC2 and SC5 are flat, indicating gradual

unloading. The above comparison indicates that the

embedded shearhead as a punching shear-resisting element

not only improves the punching shear capacity of the slab–

column joint but also increases the plastic deformation

capacity and ductility of the specimen and changes its

failure mode.

Figure 7b shows the load–displacement curves of

specimens SC2–SC5. In particular, the flange thickness of

the steel section increased from 6 mm in SC4 to 16 mm in

SC3, and correspondingly, the ultimate capacity of the

specimen increased by 9.3%. Compared with that of SC5,

which did not have a flange, the ultimate load capacity of

SC4 increased by 39.2%, and the corresponding mid-span

displacement when the ultimate load was reached increased

by 255.8%. These results indicate that the shear and flex-

ural stiffnesses provided by the steel section flanges

enabled the section web to have a greater shear capacity

than that of the shearhead without a flange, thereby
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significantly improving the punching shear capacity and

deformation ductility of the slab–column joint.

Figure 7c compares the load–displacement curves of

specimens SC3, SC6, SC7, and SC8. Compared with that

of specimen SC3, the web thickness of specimen SC7

increased from 12 to 20 mm, and the ultimate load capacity

increased by 7.1%. The web is the main component of the

shearhead for shear resistance, and the change in its net

cross-sectional area directly influences the punching shear

performance of the slab–column joint. Specimens SC6 and

SC8, which were obtained by using studs instead of flanges

in specimens SC3 and SC7, respectively, had 11.8% and

26.3% lower load capacities, respectively, and 61.6% and

60.8% lower corresponding mid-span displacements at

failure, respectively, indicating that the flexural (shear)

stiffness of the slab and the deformation capacity of the

(a) Influence of shearhead reinforcement (b) Influence of flange thickness

(c) Influence of web thickness and flange form (d) Influence of web thickness and flange form

(e) Influence of steel section cantilever length

Fig. 7 Load–displacement curves of the specimens
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specimen are significantly reduced by replacing the con-

tinuous section flanges with studs. In particular, the ulti-

mate load capacity of specimen SC8 was lower than that of

specimen SC6, which is possibly attributed to an accidental

error caused by the lagging mechanism of the synergistic

effect of the steel section and studs, a topic to be further

investigated.

Figure 7d compares the results of specimens SC4, SC5,

and SC6 to investigate the difference between the influ-

ences of flanges and studs. On the basis of specimen SC5,

specimen SC6 was obtained by adding studs, and the

ultimate load capacity increased by 25.5%, while the mid-

span displacements of the two specimens when reaching

the ultimate load were similar. Specimen SC4 was obtained

by adding flanges, and as a result, the ultimate load

capacity increased by 39%, and the corresponding mid-

span displacement increased from 5.9 mm to 21.1 mm.

These results indicate that both the studs and flanges were

conducive to the resistance of the slab–column joint to the

bending moment and punching shear and that the use of

steel section flanges was more beneficial for improving the

deformation capacity of the specimen.

Figure 7e compares the results of specimens SC3 and

SC9 to examine the influence of cantilever length. The

steel cantilever of specimen SC9 was reduced by 500 mm,

and as a result, the ultimate load capacity was reduced by

25.0%, and the corresponding mid-span displacement at

failure was reduced by 49.5%. Based on the crack pattern

at the bottom of the slab, as the steel section cantilever was

shortened, the punching cone expanded from the tip of the

steel section cantilever, and the punching cone surface did

not pass through the steel section; hence, the steel section

did not provide shear or flexural resistance. For this reason,

specimen SC9 underwent punching shear failure, similar to

specimen SC1, which had no shearhead.

4.2 Deformation

The displacements at the bottom and top of the slab did not

change completely or synchronously during the test. The

deflection curves of the specimens obtained from the dis-

placement measurement points at the bottom and top of the

slab are shown in Fig. 8. The changes in the deflection

curves of specimens SC2–SC8 can be divided into two

stages: (1) before concrete cracking, the displacements of

different measurement points developed uniformly, and the

deflection increased essentially linearly at each loading

level; (2) after the displacement of the central measurement

point reached approximately 5 mm, there was a significant

difference in the increase in the values of the displacement

measurement points at the same position between the

bottom and top of the slab, with relatively small changes in

the displacement of the top of the slab and large changes in

the displacement of the bottom of the slab. These results

indicate that damage occurred inside the RC slab, mainly

through the extension and development of oblique cracks

in the concrete at a large deflection, bond slip between the

concrete and the steel, and many cracks on the concrete

surface in tension.

Examining the specimen parameters, specimen SC1

(without a shearhead), specimen SC5 (with shearhead

reinforcement that had only a web), and specimens SC6

and SC8 (with studs instead of flanges) had significantly

reduced deflection at the center of the RC slab at the

ultimate load compared to specimens SC2, SC3, SC4, and

SC7, respectively, indicating that the embedded shearhead

with flanges is beneficial for enhancing the deformation

capacity of the slab, improving the deformation ductility,

and thus preventing brittle punching shear failure of the

slab–column joint.

4.3 Concrete Strain

The variation in the concrete strain in the compression zone

of each specimen was essentially the same, and a typical

concrete strain–load curve is shown in Fig. 9. The concrete

strain in the tension zone at the bottom of the slab cracked,

and the concrete strain in the compression zone at the top

of the slab increased with increasing load. When the load

reached approximately 60% to 80% of the ultimate load,

the concrete strain at the radial measurement points

decreased instead, and the phenomenon of concrete strain

unloading occurred. The maximum strain of the concrete in

the compression zone at the top of the slab in each speci-

men was generally smaller than the concrete ultimate

compressive strain of – 3300 le. Table 5 lists the mea-

surement points where the unloading phenomenon occur-

red in each specimen and the corresponding load

percentage when the unloading phenomenon first occurred.

The radial strain of the concrete closest to the column edge

increased the most with increasing load, and the concrete

radial strain unloading phenomenon was prominent, while

the strain unloading amplitude at the measurement points

far from the column edge was low.

Strain unloading occurred at most (69.6%) of the radial

measurement points in the compression zone, and the strain

unloading at different measurement points of the same

specimen occurred closely in time. The concrete near the

column edges and column corners of the slab–column joint

was in a bidirectional compressive state because, due to the

local bending of the compression zone, the concrete near

the column had a local positive curvature, which resulted in

the unloading and decompression of the concrete on the

surface near the column [28]. The phenomenon of strain

unloading indicates that with the development of the main

circumferential punching shear crack in the specimen, the
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stress transfer path changes under the influence of factors

such as the change in the elastic modulus of the concrete in

the compression zone after damage, the redistribution of

stresses of the concrete in bidirectional compression, and

the reinforcing effect of the shearhead.

The concrete strain in the tension zone at the bottom of

the slab varied among the specimens. As the test load

increased, flexural cracks appeared in the center of the

bottom of the slab in specimens SC3–SC8, and the tensile

strain in the concrete at the bottom of the slab increased

rapidly. The concrete strain at the center of the bottom of

the slab in specimens SC1, SC2 and SC9 was always small,

indicating that there were essentially no flexural cracks at

the center of the bottom of the slab and that the specimens

tended to undergo punching shear failure rather than flex-

ural failure.

4.4 Reinforcement strain

The strain of the tensile longitudinal reinforcement at the

bottom of the slab is analyzed to examine the synergistic

effect of the rebar and steel section. The strain values of the

longitudinal reinforcement in specimens SC2–SC8 were

essentially similar in all stages of development, and typical

strain–load curves are shown in Fig. 10. Before the con-

crete cracked, a very small tensile strain was generated in

the longitudinal reinforcement at the bottom of the slab,

and a small amplitude of compressive strain occurred at

some measurement points, which was caused by the

(a) SC1 (b) SC2 (c) SC3

(d) SC4 (e) SC5 (f) SC6

(g) SC7 (h) SC8 (g) SC9
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Fig. 8 Deflection curves of the RC slab
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complex stress state in the slab. In contrast to the speci-

mens subjected mainly to bending failure, the specimens in

this study exhibited mainly the punch failure mode.

Because the rigidity of the section steel shearhead is high,

the strain of the concrete of the slab bottom is not large

before the peak load. At the bottom of the slab (R1, R2, R5,

and R6), the concrete is basically in a single tensile strain

state, and shear forces are transferred through the interface

between the reinforcement and the concrete. Tensile strain

is generated on the steel bars, as shown in Fig. 10c.

However, for the slab bottom position near the support (R3,

R4, R7, R8), the concrete is in a composite strain state,

with both tensile strain generated by bending and shear

strain generated by punching. For the specimen with

punching force as the main force, the latter clearly accounts

for the main part, and the steel bar strain transmitted by

shear force through the interface of the steel bar and con-

crete is very low before failure. Moreover, due to the

precision error of the layout between the steel bar and

section steel shearhead, it is possible for the steel bar to

experience a small compressive strain or tensile strain near

the failure surface. After the cracks appeared in the con-

crete, the longitudinal reinforcement at the bottom of the

(a) Concrete strain in the compression zone of SC1 (b) Concrete strain in the compression zone of SC2

(c) Concrete strain in the compression zone of SC5 (d) Concrete strain in the compression zone of SC6
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Fig. 9 Concrete strain in the compression zones of different specimens

Table 5 Specimen strain unloading situation

Specimens Measurement points

where the unloading

phenomenon occurred

(percentage of all

measurement points)

The corresponding load

percentage when the

unloading phenomenon first

occurred

SC1 U1, U2, U3, U4 (100%) 71.3%Fu

SC2 U1, U2, U3, U4 (100%) 63.8%Fu

SC3 U1, U2, U3 (100%) 71.0%Fu

SC4 U1, U3, U4 (100%) 81.6%Fu

SC5 U1, U2 (100%) 79.6%Fu

SC6 U1, U2 (50%) 86.2%Fu

SC7 U1 (50%) 81.4%Fu

SC8 U3, U4 (50%) 64.8%Fu

SC9 U2, U3 (50%) 75.1%Fu
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slab began to participate in the flexural resistance of the

slab. Near the ultimate load, the compressive strain of the

longitudinal reinforcement disappeared and was replaced

by the tensile strain. When the ultimate load was reached,

most of the longitudinal reinforcement at the sides of the

column did not yield, the reinforcement was bonded to the

concrete, which effectively inhibited the development of

cracks in the slab and reduced the deformation of the slab,

and the internal punching force was mainly resisted by the

steel section and concrete. As the concrete in the tension

zone gradually carried less of the load, the tensile strain at

the rebar measurement points increased rapidly, and the

strain at some measurement points reached the tensile yield

strain, indicating that the longitudinal reinforcement at the

bottom of the slab did not fail quickly at the later stage of

loading but was able to bear its flexural capacity and work

synergistically with the shearhead reinforcement. The

strain at the edge of the column in specimens SC2–SC8

increased considerably with increasing load.

After reaching the ultimate load, the strain of the lon-

gitudinal reinforcement at the bottom of control specimen

SC1 was quickly unloaded, and the specimen failed, far

from the yield strain. In addition, in terms of the strain

distribution, the strain at the column edge was very close to

300 mm from the column edge because in the absence of

the shearhead, the punching shear capacity of the slab–

column joint specimen was greatly reduced, which led to

the brittle punching shear failure mode, and the punching

force formed a punching cone within h0 from the edge of

the column at the bottom of the slab. The specimen failed

due to the crushing of the concrete in the compression

zone; thus, the specimen had poor ductility, its load

capacity instantly decreased at the moment of failure, and

the tensile strength of the longitudinal reinforcement at the

bottom of the slab was not fully exploited.

The synergistic effect of the reinforcement, steel section,

and concrete was examined under the combined action of

shear and bending moments. The flange thickness of

specimen SC2 was excessively large, there was no flange in

specimen SC5, and studs were used instead of flanges in

specimen SC6. As a result, it was difficult for the steel

section to work well with the longitudinal reinforcement.

Due to the local failure of the concrete in the complex

stress state, the slab–column joint failed before the load

capacity of the steel section and longitudinal reinforcement

was reached, eventually exhibiting a failure mode charac-

terized by a combination of flexural failure and punching

failure. The use of a shearhead was beneficial for providing

more flexural capacity via longitudinal reinforcement at the

bottom of the slab, improving the failure mode of the slab–

column joint, preventing brittle punching shear failure, and

increasing the ultimate load capacity and ductility of the

specimen.
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Fig. 10 Strain in the longitudinal reinforcement at the bottom of the slab
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4.5 Strain of the Steel Section

Figure 11 shows a typical strain–load curve of the lower

flange of the shearhead. After the specimen load reached

70% of the ultimate load, the tensile strain of the lower

flange of the steel section increased significantly more

quickly, and the tensile strain increased rapidly after

reaching the ultimate load. Based on the strain develop-

ment of the longitudinal reinforcement, after the ultimate

load, the shearhead in the slab–column joint withstood the

punching shear and worked together with the longitudinal

reinforcement, which significantly improved the deforma-

tion capacity of the specimen and delayed failure. Except

for those of specimens SC5 and SC9, the yield strains at the

flange measurement points after the ultimate load were

distributed within the range of approximately 200–300 mm

from the center, indicating that the shearhead effectively

participated in the flexural and shear resistance of the slab–

column joint. The lower side of the web of the steel section

in specimen SC5 yielded at the center point, mainly

because the steel section was not provided with flanges,

and as a result, the flexural stiffness was insufficient, and

the concrete and the steel section did not work well toge-

ther, leading to incomplete development of the shear

strength of the web and the flexural–punching shear failure

of the specimen due to its small flexural stiffness. Speci-

men SC9 had a short cantilever in the steel section; hence,

the punching cone surface was expanded to the outside of

the cantilever. As a result, the shearhead did not provide

shear resistance, and the joint eventually underwent

punching shear failure.

The analysis of the distribution of strain in the flange of

the steel section revealed that the strain at the measurement

points located at the edge of the column grew quickly,

while the strain at the measurement points located

500–600 mm from the center of the steel section exhibited

a small increase and never exceeded 30% of the yield

strain. That is, the closer to the center of the steel section,

the greater the tensile stress of the lower flange is due to

bending, which is consistent with the pattern of deflection

curves of displacement measurement points in the speci-

men, indicating that the shearhead not only is beneficial to

the shear resistance of the slab–column joint but also

contributes to its bending resistance.

The strain at each measurement point of the web of the

steel section did not reach the yield level at the ultimate

load. The strain of the web exhibited a complex pattern due

to the shear. In the early stage of loading, the strain at most

of the measurement points was small. After the concrete

cracked, the strain of the web of the steel section increased.

When the ultimate load was reached, the punching shear

was mainly borne by the web of the steel section and the
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Fig. 11 Strain in the lower flange of the steel section
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concrete. After the concrete in the tension zone was no

longer able to withstand the load, the strain of the mea-

surement points on the web of the steel section increased

substantially until the strain measurement points failed.

5 Test Simulation and Parametric Analysis

To further study the force performance of slab–column

joints with embedded shearhead reinforcement under

punching shear failure, the test process was simulated using

the FE software ABAQUS. The test specimen was a joint

of a symmetrical slab–column structure, and only a quarter

of the specimen was modeled to improve the calculation

efficiency. In the model, the z-direction displacement at the

slab edge was constrained to simulate the roller boundary

condition, as shown in Fig. 12. The concrete damage

plasticity model was used for the concrete. It was assumed

that the failure mechanisms of concrete include cracking

and crushing, and the constitutive model of concrete under

tension–compression provided by the Chinese code

GB50010-2010 was applied. A bilinear model was used for

the steel; a plasticity model with a built-in von Mises yield

criterion in ABAQUS was used to define the steel.

The floor slab, column, and studs were modeled by the

solid element C3D8R, the shearhead by the shell element

S4R, and the longitudinal reinforcement by the three-di-

mensional truss element T3D2. The ‘‘Embed’’ function was

used to couple the steel and concrete and couple the lon-

gitudinal reinforcement and the concrete [29, 30]. The

bond slip between the steel and concrete was considered

indirectly by adjusting the ‘‘tensile hardening’’ parameter

and the elastic modulus of the steel. A vertical load was

applied to the short column with displacement control.

5.1 Implementation of the Numerical Model

The FE simulations were validated based on test results so

that modeling parameters such as the boundary conditions,

concrete fracture energy assumption, concrete dilation

angle, and element mesh size were calibrated. The cross-

sectional sizes, material strengths, and reinforcement of the

structural members were measured. Figure 13 compares

the numerical analysis results and the test results of the four

typical models. The development trends of the load–de-

formation curves and the ultimate loads of the two are

essentially comparable. The displacement and deformation

of models SC3 and SC4 based on the numerical analysis

results are smaller than those based on the experimental

results because the FE model was based on the assumption

of no bond-slip, i.e., the shearhead is considered com-

pletely embedded in concrete, and the bond effect between

the steel and concrete is approximated by the expansion of

tension softening. In the physical test, the stress was

transferred between the concrete and the reinforcement and

steel section. In general, the FE simulation results were in

good overall agreement with the test results.

5.2 Numerical Analysis Results

5.2.1 Steel Section Deflection Curves

Figure 14 shows the deflection curve of the steel section

when each model was loaded to the ultimate load. Fig-

ure 14a indicates that the steel section deflection of model

SC5 was the smallest. As the flange thickness increased,

the flexural stiffness of the steel section increased, and the

deflection at the center of the slab when reaching the

ultimate load also increased; therefore, the ductility of the

slab–column joint improved. In Fig. 14b, due to the

shortening of the cantilever in model SC9, the punching

cone expanded outward along the cantilever; consequently,

the steel section itself deformed only slightly, and its

flexural and shear capacities were not fully utilized.

Compared with model SC3, model SC7 had a greater web

thickness; as the shear capacity increased, the deflection at

the center of the slab under the ultimate load increased. The

deflection curve of the RC slab was measured in the test,

and it was found that the deflection at the mid-span of the

slab in the model was essentially consistent with the test

results. Between the support and the column edge, the

deflection of the steel section in the model was greater than

the deflection of the bottom of the slab in the test, which

was attributed to the separation of the steel and concrete

due to the better deformation capacity of the steel section

than that of the concrete.

Fig. 12 Geometry and boundary conditions of the model
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Fig. 13 Load–deflection data obtained from the tests and FE analysis
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Fig. 14 Steel section deflection curves of different specimens under the ultimate load
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5.2.2 Stress Analysis

Figure 15 shows the variation in the stresses of the steel

section and the reinforcement of the section at the column

edge with displacement-controlled loading. When the

punching load reached the maximum, the lower flange of

the shearhead essentially reached the tensile yield state,

while the stress level of the upper flange and the web of the

shearhead was low, and the longitudinal reinforcement at

the bottom of the slab never yielded. When the load

approached the maximum load, the stress curve of the

upper flange of the steel section was inflected and increased

rapidly. This rapid increase occurred because with further

loading, the upper part of the concrete in compression was

unloaded after reaching the peak compressive strain, and

the stress was thus redistributed, causing part of the
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compressive stress originally borne by the concrete to be

transferred to the upper flange plate of the steel sec-

tion. After the ultimate load was reached, the stresses in the

longitudinal reinforcement and the upper flange of the steel

section almost stopped increasing, while the extent of

damage to the concrete increased continuously; thus, the

joint was no longer subjected to a greater load, and its

load–deflection curve continued decreasing. The stress

variation in the steel section in the model was similar to

that observed in the test, while the stress in the longitudinal

reinforcement in the model did not show a small com-

pressive strain in the early loading stage, as in the test. This

difference may have occurred because the actual test

results were the average values within the measurement

range of the strain gauge, while the simulation results were

the strain values at the element integration points; there-

fore, there was a certain difference in the stiffness of the

curve at certain stress stages. Nevertheless, the stress

variation trend and the yielding situation with increasing

load were accurately simulated.

The influence of flange thickness was investigated by

comparing models SC2 through SC5. Similar to the test

results, after the ultimate load, the longitudinal reinforce-

ment of models SC3 and SC4 both reached the yield stress,

and the longitudinal reinforcement of model SC2 was far

from yielding. This finding occurred because the thicker

flange of the steel section provided greater flexural stiff-

ness, and thus the shearhead was subjected to more bending

moment than the concrete, resulting in a decrease in the

bending moment for the longitudinal reinforcement at the

bottom of the slab. For model SC5, which had only a web

and no flange, the longitudinal reinforcement never yielded

and was at a low stress level, indicating that it is difficult to
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Table 6 Ultimate load depending on the thickness of the web and flange

Ultimate load (kN)

Thickness of webt1(mm)

4 8 12 16 20 24

Thickness of flange t2(mm) Without steel section 1968 1968 1968 1968 1968 1968

0 2394 2519 2603 2654 2730 2763

2 2520 2761 2822 2948 3012 3058

4 2534 2851 2988 3120 3205 3304

6 2581 2913 3125 3283 3375 3463

8 2630 3006 3246 3421 3522 3605

10 2672 3073 3336 3545 3658 3718

12 2703 3118 3402 3667 3777 3869

14 2731 3165 3471 3752 3903 3993

16 2769 3217 3527 3828 3997 4115

18 2804 3237 3576 3902 4104 4237

20 2832 3277 3633 3958 4196 4349

22 2872 3325 3681 4022 4279 4468

24 2890 3366 3730 4073 4334 4561

26 2924 3391 3760 4144 4422 4657

28 2948 3429 3821 4195 4489 4744

30 2982 3475 3859 4254 4570 4807

32 3013 3514 3902 4299 4622 4883

34 3041 3549 3949 4355 4677 4962

Lowest / Ultimate load ? Highest
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fully utilize the strength of the longitudinal reinforcement

in the presence of a steel section without a flange.

The influence of web thickness on stress was examined

by comparing models SC3 and SC7. Similar to the test

results, the web of model SC7 never yielded because due to

the thickened web, the flexural stiffness of the steel section

was not sufficient to reach the shear capacity of the web.

Therefore, to increase the load capacity by thickening the

web, the flange thickness should be increased accordingly.

Figure 16 shows the shear stress in the web section at

the column edge of each model under the ultimate load. A

comparison of models SC2, SC3, SC4, and SC5 reveals

that the range and uniformity of the web stress distribution

increased with increasing flange thickness. In particular,

model SC5 showed a more concentrated web stress dis-

tribution than the other specimens, with a large difference

in the shear stress distributed along the web and an overall

smaller web shear stress than that in the other specimens

with flanges, indicating that the presence of flanges may be

related to the synergy of the longitudinal reinforcement,

concrete, and steel section to resist punching shear.

Model SC9 had a uniform stress distribution in the web

and a low stress level compared to that of the other spec-

imens, indicating that the steel section with an overly short

cantilever failed to fully exploit its shear capacity, which

verified the finding that the punching cone of model SC9

expanded through the concrete instead of the steel section

in the test.

5.3 Parametric Analysis

Based on the test simulation analysis model, the parameter

ranges of the flange thickness and web thickness of the

steel section were expanded to 0\ flange

thickness\ 34 mm and 4 mm\web thickness\ 24 mm,

respectively. Accordingly, 108 numerical models were

designed to investigate the influence of different combi-

nations of parameters. Numerical analysis of each model

was conducted, with the vertical displacement controlled at

a constant value of 40 mm. Table 6 shows the ultimate

loads of the 108 models in two dimensions to illustrate the

relationship between the two parameters considered in the

study. A color scale was used to distinguish between low

and high values. The lowest value of the ultimate load is

shown in green, the highest value of the load is shown in

orange, and the black box indicates that the model had a

test control. The increase in the ultimate load capacity

achieved by increasing the thickness of either the web or

the flange alone was rather limited.

5.3.1 Influence of the Flange Thickness

Figure 17 shows the simulation analysis results of speci-

mens with different flange thicknesses. Taking specimens

SC2–SC5 as a reference, the web thickness of the model

was kept constant at 4 mm, 8 mm, 12 mm, 16 mm,

20 mm, and 24 mm, and the flange thickness was varied

from 0 to 34 mm. The variation in the mid-span dis-

placement of each model is marked with a red dot in

Fig. 17a, with the load shown in Fig. 17b.

Figure 17a indicates that the load capacity increases

significantly (21.6–40.4%) with shearhead reinforcement,

even by adding only the web of the shearhead without a

flange in the slab–column joint. With a web thickness of

4 mm, an increase in flange thickness led to a very limited

increase in the ultimate load capacity: the load capacity

only increased by 20.7% as the flange was thickened from

2 to 34 mm. With a web thickness of 24 mm, increasing
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the flange thickness improved the ultimate load capacity:

the load capacity increased by 62.3% as the flange thick-

ness increased from 2 to 34 mm. This result indicates that

the effect of improving the ultimate load capacity by

increasing the flange thickness alone was limited because

the ultimate load capacity was jointly determined by the

shear capacity of the web itself and the flexural stiffness of

the flange.

When the flange thickness changes, the change in the

ultimate load capacity can be divided into two stages. As

the flange thickness increased from 2 to 10 mm, the ulti-

mate load capacity improved with a high efficiency

because the increase in flexural stiffness caused by the

flange enabled the web to reach its shear capacity; in

addition, the increase in the flange thickness itself led to an

increase in the shear capacity. When the flange thickness

increased from 12 to 34 mm, the curve in Fig. 17a was

essentially linear; that is, the rate of increase in the load

capacity remained essentially the same, and the increase in

the ultimate load capacity was caused by the shear capacity

of the flange itself. In the second stage, the approach of

improving the load capacity of the joint by simply

increasing the flange thickness had a certain marginal

effect.

The load–displacement curves of joints without and with

shearhead reinforcement are compared in Fig. 17b. The

curve for the joint without a shearhead is significantly steep

in the descending segment after reaching the ultimate load,

indicating that the shearhead was conducive to improving

the ductility of the slab–column joint. In addition, the

effect of improving the ductility by using the shearhead

with flanges was better than that by using the shearhead

with a web only. A similar finding was obtained from the

test data by comparing the load–displacement curves of

specimen SC1 and the other specimens. With the web

thickness kept constant at 12 mm, the increase in the

ultimate load capacity caused by increasing the flange

thickness from 6 to 16 mm was similar to the increase in

the ultimate load caused by increasing the flange thickness

from 16 to 34 mm. These results again indicate that

enhancing the load capacity of the joint by increasing the

flange thickness became less effective after the flexural

stiffness of the flange was sufficient for the web to reach its

shear capacity.

5.3.2 Influence of the Web Thickness

Figure 18 shows the simulation analysis results of speci-

mens with different web thicknesses. The flange thickness

was kept constant at 0 mm, 6 mm, 12 mm, 18 mm,

24 mm, and 30 mm, and the web thickness was varied

from 2 to 24 mm. Figure 18b shows the variation in the

mid-span displacement of each model marked with a red

dot in Fig. 18a with the load.

Figure 18a indicates that in the absence of flanges, the

increase in the ultimate load capacity caused by thickening

the web had little effect. With a flange thickness of 6 mm,

the ultimate load capacity increased by 34.2% as the web

thickness increased from 4 to 24 mm, and the curve

became flat when the web thickness reached 12 mm. With

a flange thickness of 30 mm, as the web thickness

increased from 4 to 24 mm, the ultimate load capacity

increased in an essentially linear manner, reaching 61.2%.

This result indicates that as the flange thickness increased,

the flexural stiffness of the steel section increased, as did

the sensitivity of the web thickness to the ultimate load

capacity. The larger the flange thickness was, the more

adequate the flexural stiffness of the slab–column joint, and
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at this time, increasing the web thickness could effectively

improve the punching shear capacity of the slab–column

joint.

In Fig. 18b, the flange thickness was kept constant at

12 mm. Compared to the model without a shearhead, the

increase in the web thickness improved the steep decrease

in the curve after reaching the ultimate load. When the web

thickness exceeded 10 mm, there was no longer a signifi-

cant descending segment in the curve, which was the same

for the load–deflection curves of SC2–SC8 in the test,

indicating that increasing the web thickness was beneficial

for improving the specimen ductility.

6 Calculation Methods for the Punching
Shear Capacity

At present, there is no complete method for calculating the

punching shear capacity of RC slab–column joints with

shearhead reinforcement. To promote the design and

application of RC slab–column joints with embedded

shearheads, a set of calculation methods for punching shear

capacity is proposed in this study based on the test results

and numerical simulation analysis results and with refer-

ence to the relevant existing calculation methods. There are

two technical improvements in the calculation method: (1)

the shear capacity of the horizontal reinforcement is con-

sidered in the calculation method, which was not consid-

ered in previous studies; (2) according to the test results,

the calculation of the shear capacity of the section steel is

modified, the influence coefficient of the flexural stiffness

of the section steel shear frame is introduced, and the

factors of the flange and stud are considered. The punching

shear capacity of an RC slab–column joint with an

embedded shearhead is generally considered contributed

by three parts, namely, the concrete (Vc), horizontal rein-

forcement (V r), and steel section (V s), as shown in Eq. (1).

VT ¼ Vc þ Vr þ Vs ð1Þ

where Vc can be calculated with reference to the empirical

equations for calculating the punching shear capacity in the

Chinese code GB 50010–2010 [21] or the American code

ACI 318–08 [9]; the critical section perimeter is calculated

based on test results; and the inclination angle h of the

punching cone surface of specimens SC2–SC8, in which

the embedded steel section plays an important role, is taken

as 30� (the average test result is approximately 26�).
Notably, h is taken as 45� for specimen SC1 (without steel

section) according to the method in the code, and the

critical section perimeter for specimen SC9 (with the

shortest cantilever of the steel section) is calculated by

expanding the punching cone outward to the tip of the

cantilever of the steel section.

6.1 Punching Shear Capacity of Concrete

According to the Chinese code GB 50010–2010 [21], the

punching shear capacity of an RC slab without stirrups or

with bent-up bars under a local load or concentrated

reaction force is calculated as follows:

Vc ¼ 0:7bhftgumh0 ð2Þ

where bh is the influence factor of the section height; um is

the calculated section perimeter;h0 is the effective height of

the section; g takes the smaller of g1 and g2, where g1 is the

influence factor of the shape of the area under local load or

concentrated reaction force and g2 is the influence factor of

the ratio of the calculated section perimeter to the effective

height of the slab section as the area under local load or

concentrated reaction force; and bs is the ratio of the long

side to the short side of a rectangle.

According to the American code ACI 318–08 [9], for a

slab–column joint without punching shear reinforcement,

the punching shear capacity of concrete is taken as the

minimum of Eqs. (3)–(5):

Vc ¼ 0:083 2 þ 4

b

� � ffiffiffiffi
f 0c

p
b0d ð3Þ

Vc ¼ 0:083
asd

b0

þ 2

� � ffiffiffiffi
f 0c

p
b0d ð4Þ

Vc ¼ 0:33
ffiffiffiffi
f 0c

p
b0d ð5Þ

where b is the ratio of the long side to the short side of the

column section or the loading surface; f c0 is the compres-

sive strength of the standard cylinder, f c0 ¼
(0.79 * 0.81)f cu;k, where f cu;k is the standard value of the

concrete cube strength; b0 is the perimeter of the critical

section; d is the effective depth of the section; and as is the

influence factor of the column position, which is taken as

40 for a center column.

6.2 Shear Capacity of the Horizontal
Reinforcement

The horizontal reinforcement of the slab has a dowel effect

that improves the punching shear resistance. In the limit

state, the reinforcement at the bottom of the slab is

essentially separated from the punching cone; therefore, its

dowel effect is not considered because it cannot be reliably

ensured. In contrast, the dowel effect of the longitudinal

reinforcement passing through the RC column area at the

top of the slab contributes to the punching shear capacity;

although this part of the load capacity is generally not

considered in design specifications, it should not be ignored

when comparing the ultimate load capacity with the test

result and is calculated as follows:
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Vr ¼ nAsfvy ð6Þ

where n is the number of rebars passing through the col-

umn area at the top of the RC slab and As is the cross-

sectional area of each rebar.

6.3 Shear Capacity of the Shearhead

The aforementioned test results indicate that the shear

strength of the web of the steel section was not considered

independent of the flexural stiffness of the flange of the

steel section. The existing codes do not consider the

influence of the flexural stiffness of flanges and studs on

the shear capacity. In this study, the influence factor of the

flexural stiffness of the shearhead, af , was introduced to

consider the factors of flanges and studs. According to the

calculation method for the shear capacity of the oblique

section of steel-RC beams in the Technical Specification

for Steel-reinforced Concrete Composite Structures, JGJ

138–2001 [31], the shear capacity of the steel section can

be calculated as follows:

Vs ¼
4 � 0:6af t1hsfvy

k
ð7Þ

where af is the influence factor of the flexural stiffness of

the shearhead, which is set to 1 for specimens with flanges,

0.45 for specimens with studs instead of flanges, and 0.25

for specimens with neither studs nor flanges; t1 and hs are

the slab thickness and height of the shearhead web,

respectively; f vy is the shear yield strength of the steel

section; and k is the shear span ratio.

6.4 Comparison of Test Results and Calculation
Results

Table 7 compares the punching shear capacity calculated

based on the above equation and the test results. where Vtest

is the measured punching shear capacity; VGB
c and VACI

c are

the concrete capacities calculated according to the two

codes; and VGB and VACI are the total load capacities cal-

culated according to the two codes.

Specimen SC1 had no steel section; the punching shear

capacity was therefore provided by the concrete and the

reinforcement passing through the column at the top of the

slab. The ratio of the calculation result to the test result was

in the range of 0.61 to 0.65, indicating the conservative

prediction of the punching shear capacity of concrete in

both codes. The calculation result of specimen SC2 was

approximately 30% lower than the test result because the

shear capacity of the thick flange of specimen SC2 was not

fully considered in the calculation method. A comparison

of the test results and calculation results of specimens

SC3–SC9 revealed that VGB

Vtest
ranged between 0.81 and 1.01

when the concrete capacity was calculated using GB

50010–2010 [21] and that VACI

Vtest
ranged between 0.72 and

0.99 when the concrete capacity was calculated using ACI

318–08 [9]. The above results indicate that when the flange

thickness is within a certain range, the calculation method

proposed in this study can effectively predict the punching

shear capacity of slab–column joints with shearhead

reinforcement.

7 Conclusions

The punching shear performance and failure mechanism of

slab–column joints were investigated through static tests

and numerical simulation analysis of nine specimens of RC

slab–column joints with shearhead reinforcement. The

following conclusions were drawn:

The shearhead embedded in the RC slab–column joint as

a punching shear-resisting element could improve the

punching shear performance of the slab–column joints,

inhibit the rapid development of punching oblique cracks,

withstand the internal forces released by the RC due to

cracking, restrain the tensile and compressive deformation

Table 7 Evaluation of the punching load capacity

Specimen Vtest(kN) VGB
c (kN) VACI

c (kN) Vr(kN) Vs(kN) VGB(kN) VACI(kN) VGB

Vtest

VACI

Vtest

SC1 3036 1641 1520 328 — 1969 1848 0.65 0.61

SC2 5079 2126 1924 328 1116 3533 3331 0.70 0.66

SC3 3555 1640 1589 328 1116 3047 2996 0.87 0.85

SC4 3252 1640 1589 328 1116 3047 2996 0.95 0.93

SC5 2336 1640 1589 328 279 2238 2187 0.96 0.94

SC6 3137 1640 1589 328 559 2454 2403 0.81 0.79

SC7 3807 1640 1589 328 1860 3766 3715 1.01 0.99

SC8 2807 1640 1589 328 837 2777 2726 1.00 0.98

SC9 2667 1931 1589 328 — 2259 1917 0.85 0.72
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of the concrete, and delay the formation and development

of punching cones.

The nine specimens exhibited three different failure

modes, namely, punching shear, flexural failure, and flex-

ural–punching shear. A reasonable shearhead design could

change the failure mode of the RC slab–column joint from

brittle punching shear failure to flexural failure with a

certain ductility.

The flanges of the steel section strengthened the synergy

of the longitudinal reinforcement, steel, and concrete in the

slab–column joint. Adding flanges and increasing the

flange thickness improved the punching shear capacity and

ductility of the slab–column joint to some extent. The

installation of flanges on the web of the steel section

increased the ultimate load capacity by more than 40% and

increased the mid-span displacement at failure by more

than twice that of the specimen without flanges and by that

of the specimen with studs.

Adding anchor studs to the web of the steel section

increased the ultimate punching shear capacity of the RC

slab–column joint by 25% but did not significantly improve

its deformation ductility.

A marginal effect was observed by increasing the cross-

sectional area of the web to increase the load capacity. For

example, the ultimate load capacity increased by only 7%

when the web area increased by two-thirds. An overly short

cantilever of the steel section failed to enable the shearhead

to play a role in enhancing the punching shear resistance.

For example, as the cantilever of the steel section was

shortened from 800 to 650 mm, the ultimate load capacity

was reduced by 25%, and the mid-span displacement at

failure was halved.

Numerical simulations of a total of 108 FE models were

conducted using the web thickness and flange thickness of

the steel section as parameters. The analysis results further

demonstrate that the ultimate load capacity of the joint was

determined by the shear capacity of the web itself and the

flexural stiffness of the flange together. Increasing the

thickness of the web or flange alone was less effective at

improving the ultimate load capacity.

With reference to the calculation methods for the

punching shear capacity provided in existing codes, a

method for calculating the punching shear capacity of RC

slab–column joints with shearhead reinforcement was

proposed based on tests and numerical analysis results to

effectively predict the punching shear capacity of RC slabs.

The above conclusions were drawn based on the specific

patterns of test results and parametric analysis results in

this study. Parameters such as the RC slab thickness,

reinforcement ratio, and concrete strength were within

certain ranges under the constraint of test resources and

thus had a limited scope of application. A wider range of

parameters will be further studied in the future.
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