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Abstract

A theoretical study was performed to investigate the punching shear strength of interior slab-column connections made of steel fiber
reinforced concrete (FRC). In the steel FRC slab—column connection, the shear force applied to the critical section is resisted by both the
compression zone and the tension zone at the critical section. The shear capacity of the compression zone was defined by considering the
interaction between the shear and the normal stresses developed at the critical section. The shear capacity of the tension zone was defined
by considering the post-cracking tensile strength of FRC. By using the shear capacity, a new strength model for the punching shear
strength of steel FRC slab-column connections was developed. The proposed strength model was verified using existing test results

and showed very good accuracy. For convenience in design, a simplified design equation was also developed.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The slab—column connection of a flat plate is susceptible
to punching shear failure. Once punching shear failure
occurs, the overall resistance of the structure against grav-
ity load is considerably reduced, which causes the separa-
tion of the slab and column, and might even cause
progressive collapse of the whole structure [1-3].

According to previous experimental studies, the addi-
tion of steel fibers to concrete effectively improves the shear
strength of beams [4,5] and slab—column connections [6,7].
The ability of steel fibers to enhance shear strength of con-
crete is attributed to the possible transfer of tensile stresses
across crack surfaces, that is known as crack-bridging,
when steel fibers are incorporated [8,9]. This phenomenon
permits fiber reinforced concrete (FRC) to have more duc-
tile failure than normal concrete [9,10].
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Swamy and Ali [6] and Harajli et al. [11] reported that
when fibers were added in a slab-column connection, the
residual strength of the slab—column connection after
punching shear failure increased significantly due to the
enhanced structural integrity between the slab and the
column. Traditional shear reinforcing method using
stirrups is inapplicable to slabs with shallow depth less than
150 mm [12]. New reinforcing technique such as using
headed-studs [13] or incorporating steel fibers in the slab-
column connections [14] might be good alternatives. More-
over, such alternatives have also been proven effective in
seismic design because of their ability to improve energy
dissipation capacity of structures [15,16].

Currently, there are various existing strength models for
slab—column connections including ACI 318 [12], EC 2
[17], CEB-FIP MC 90 [18], and BS 8110 [19]. These existing
models were developed for normal concrete slab—column
connections, thus they might not be applicable to FRC
slab—column connections. While some models for punching
shear of FRC exist (for example, [11]), these models do not


mailto:choikk97@naver.com

410

directly link the failure criterion of FRC to the punching
shear capacity of slab—column connections.

Here, we present a theoretical approach to model the
punching shear strength of interior slab-column connec-
tions using steel FRC. To evaluate the punching shear
strength of the slab-column connections, material failure
criteria of FRC were studied. A new strength model based
on the FRC failure criteria was developed to accurately
estimate the punching shear strength of steel FRC slab—
column connections. The proposed strength model was
verified using existing test results. For easy application of
the strength model in design, a simplified design equation
was developed.

2. Methods
2.1. Material strength of fiber reinforced concrete

FRC exhibits material strengths enhanced from those of
normal concrete: compressive strength, f7, tensile strength,
Jer» and post-cracking tensile strength, f,. as shown in
Fig. 1. According to Narayanan and Darwish [5] and
Khuntia et al. [20], the post-cracking tensile strength, f.,
has the most significant effect on the structural perfor-
mance of FRC.

Naaman and Reinhardt [21] showed that the strength of
FRC is significantly affected by the fiber volume ratio, V7,
aspect ratio, L/D, and shape. Through probabilistic analy-
sis based on the experimental investigations of FRC
[21,22], the compressive strength, fJ;, tensile strength, f,
and post-cracking tensile strength, f,. of FRC were defined
as

£ =1.97(L/D)B+f (MPa) (1a)
fct Zﬁ(l — Vf) + OC]O(zTVf(L/D) (lb)
Joe = MV (L/D)f (lc)

where f! is the compressive strength of an equivalent nor-
mal concrete without fibers, f, = tensile strength of concrete
under pure tension evaluated as f; = 0.292,/f! (MPa),
following the work of Oluokun [23] and Reda Taha et al.
[24]. L = length of fiber; D = diameter of fiber; a; = coeffi-
cient representing the fraction of bond mobilized at first
matrix cracking; o, = efficiency factor of fiber orientation
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in the uncracked state of the composite; T = average interfa-
cial bond strength of fiber matrix; 1; = expected pull-out
length ratio; A, = efficiency factor of orientation in the
cracked state; and 13 = group reduction factor associated
with the number of fiber pulling-out per unit area. The coef-
ficients o (~0.5) and o, (=0.1) were reported to be consid-
erably small numerical values, thus it can be assumed
that f,, = f;. Also the coefficients 4; = 0.25, 1, =1.2, and
A3=1.0 can be used [25]. § accounts for the effect of fiber
shape and concrete type after Khuntia et al. [20] such that
B =1 for hooked or crimped steel fibers; f = 2/3 for plain
or round steel fibers with normal concrete; and = 3/4
for hooked or crimped steel fibers with lightweight concrete.
Moreover, interfacial bond strength, 7, between steel fibers
and concrete is an important parameter determining the
post-cracking behavior of FRC [10,24]. The interfacial
bond strength is strongly affected by the quality of concrete
and fiber geometry and shape [24,25]. We therefore relate
the bond strength of FRC to the tensile strength of the
concrete such as t=2f, [25]. Finally, the compressive
stress—strain constitutive relationship of FRC was assumed
to follow a simple parabola such that

() (2)]

where &, 1s the compressive strain corresponding to
the compressive strength of FRC taken equal to
0.00079 - V¢(L/D) 4 0.0041(f7;/f!) following the work of
Fanella and Naaman [22], ¢ is the strain at any point in
the cross-section, and o.(¢) is the compressive strain at this
point.

ac(e) = [t 2)

2.2. Failure criteria of fiber reinforced concrete

Generally, since a flat plate has a large span-to-thickness
ratio, its behavior is dominated by flexural deformation.
Flexural cracking and yielding of reinforcing bars that
occur prior to punching shear failure have been observed
experimentally [26,27]. The maximum observed flexural
crack width at slab—column connections was about 4 mm
[27]. Such crack width would significantly downplay shear
contributions due to aggregate interlock and dowel actions
[26,28,29]. Shear strength in flexure-dominated members
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Fig. 1. Stress—strain relationship of FRC.
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was attributed to the compression zone of intact concrete
which prevented shear-slip of the crack surfaces [26,30].

Based on the results, we assume that shear resistance of
the FRC slab-column connections is provided mainly by
the contribution of the intact concrete in the compression
zone. This assumption is supported with many observa-
tions of other studies on normal concrete slab—column con-
nections [31-33]. However, the major difference in FRC
slab-column connections, is that after cracking occurs,
tensile stress is transferred across the crack surfaces by
the fibers. Therefore, unlike conventional concrete slab—
column connections, the tension zone of FRC slab—column
connections contributes to the shear resistance by means of
the post-cracking tensile strength. Therefore, the overall
shear strength of FRC slab—column connections is defined
as the sum of contributions of the compression and the
tension zones.

Fig. 2 shows the governing stress components develop-
ing in the compression zone of the critical section at the
slab—column connection. The compression zone of the crit-
ical section is subjected to combined normal and shear
stresses. Therefore, the interaction between these stress
components must be considered to accurately evaluate
the punching shear strength of the slab—column connection
[32]. Fig. 2 shows the development of three-dimensional
stresses at the critical section: two orthogonal normal stres-
ses (0.1 and o) and shear stresses (ve; and v¢,). The normal
stress (o) and shear stress (ve») acting on the face orthog-
onal to the cross-section might affect the punching shear
strength of the slab—column connection. However, because
of the high rigidity of the slab—column joint, these stresses
are directly transmitted to the column through the corner
of the column section [34]. Thus, the three-dimensional
stresses that develop at the critical section can be simpli-
fied as two-dimensional compressive and shear stresses,
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Fig. 2. Rankine’s failure criteria of fiber reinforced concrete.

o. (=0.1) and v, (=v.1), acting on the cross-section of the
compression zone, following the work of the Eurocode 2
[17] and the CEB-FIP [18].

Considering the normal and shear stress states at the
cross-section, the constitutive material failure mechanism
can be defined using Rankine’s failure criterion [35]. In this
failure criterion, material failure occurs when the principal
stress resulting from the combined stresses reaches the
material strength. When the principal compressive stress
reaches the compressive strength of FRC — (7., a failure
controlled by compression occurs, and when the principal
tensile stress reaches the tensile strength f;, (=f,), a failure
controlled by tension occurs. The failure criteria of the
compression zone thus can be defined as

. A2
n=5 Y (G) =

for failure controlled by compression (3a)
Oc 0o\ 2
n=-5H\(5) + =t
for failure controlled by tension (3b)

o1 and o, = principal compressive and tensile stresses,
respectively. . (=0) and v, = compressive normal stress
and shear stress of FRC, respectively.

As the contribution of FRC to punching shear strength
is taken into account, the effect of the multi-axial state of
stress on the tensile strength of FRC shall also be consid-
ered [36]. In the present study, it was assumed that FRC
follows a similar trend to that of conventional concrete;
In tension—compression, the tensile strength of concrete,
fi, 1s reduced by the transverse compressive stress, o
(Fig. 3). Thus the reduced tensile strength of FRC f7,
was considered as

B -(-[@E) < e

where o; < 0 and ¢, > 0.
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Fig. 3. Plane stress failure criteria of concrete.
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From Eq. (2), the maximum shear stress can be defined
as a function of the normal stress. Since the compressive
stress in the compression zone, o, varies with the distance
from the neutral axis, the maximum shear stress at each
location in the compression zone is defined as a function
of the distance from the neutral axis z as

ve(z) = \/fc/f[fc/f —0(2)]

for failure controlled by compression (5a)

v(z) =

for failure controlled by tension (5b)

wlfl +oc(2)]

At a cross-section of a flexure-dominated member, the
distribution of compressive normal stress is affected by
the curvature (Fig. 4a and b) of the cross-section as well
as the amount of flexural reinforcement. Fig. 4c shows
the variations of the compressive normal stress, and
Fig. 4d and e shows the variations of the maximum shear
stress according to the curvature of the cross-section. In
these figures, ae.or =compressive strain at the extreme
compression fiber of a cross-section, and ¢.,r = compres-
sive strain corresponding to the compressive strength of
FRC. Fig. 5 presents closely the variation of maximum
shear stress controlled by tension.

As the curvature of the cross-section (representing the
degree of flexural damage) increases, the depth of the com-
pression zone decreases, and the distribution of compres-
sive stress and maximum shear stress varies. Before
flexural cracking occurs in the tension zone (Stage AB in
Fig. 4), the shear force is resisted by the entire cross-section
and the neutral axis is approximately located at the cen-
troid of the cross-section. After the flexural cracking (Stage
BC), the tensile crack propagates to the neutral axis and
the shear resistance developed by the tension zone signifi-
cantly decreases. After the tensile crack reaches the neutral
axis (Stage CE), the compression zone of intact concrete
mainly develops the shear resistance, and the magnitude
and distribution of the maximum shear stress at the com-
pression zone is affected by the compressive normal stress
(Figs. 4c, d and e and 5, and Egs. (5a) and (5b)). After
the compressive normal stress at the extreme compression
fiber of the cross-section reaches the compressive strength
of concrete (oteqor > €cof), it 18 assumed that the part of the
compression zone experiencing compressive damage no
longer develops shear resistance (Fig. 5). Therefore, the
shear capacity of the cross-section is provided only by the
remaining part of the compression zone that did not expe-
rience compression softening (0 < z < ¢ /o). As a result,
the shear capacity of the cross-section decreases as the
deformation of the cross-section increases.

2.3. Punching shear capacity at a cross-section

At the potential critical section of a slab-column con-
nection, a failure controlled by compression or tension

(a) Cross section and Moment-curvature relationship Curvature
Stage A Stage B Stage C Stage D Stage E
N.A.
N.A. N.A
c c
u u gm f
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(b) Curvature (Strain)

agcaf = geof agmf > gm_/

CAoncrete cover

~
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(e) Maximum shear stress controlled by tension

—— Shear capacity controlled by compression
[Egs. (6a) and (7a)]

- Shear capacity controlled by tension
[Egs. (6b) and (7b)]

C
k Curve 1

Shear capacity, Vu

Compressive strain at the extreme £
compression fiber of cross-section cof

(f) Variation of shear capacity with maximum compressive strain

Fig. 4. Variations of normal stress and corresponding shear capacity
according to curvature at slab—column connection.
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Fig. 5. Profile of maximum shear stress controlled by tension.

can occur. The shear capacity at the potential critical sec-
tion can be calculated by integrating the maximum shear
stresses (Eq. (5)). Fig. 4f shows schematically the variations
of the shear capacity according to flexural deformation
(curvature). Curves 1 and 2 indicate the shear capacities
controlled by compression and tension, respectively. The
shear capacity in Stage AB is developed by the entire
cross-section. Therefore,
For failure controlled by compression

V= [ " b(z)ve(z) dz

)2

h/2
[ s\t - el (60)
—h/2
For failure controlled by tension
hy2
Ve= b(z)v.(z)dz
—h/2
hy2
S N AR (6b)
—h/2

where b(z) = perimeter of the critical section, and & = depth
of slab. After tensile cracking is initiated (Stage BC), the
shear capacity decreases because the allowable maximum
shear stress in the tension zone significantly decreases as a
result of cracking. After the tensile cracking reaches the
neutral axis (Stage CD), the shear capacity controlled by
tension increases because the compressive normal stress
that is increasing with flexural deformation (or ae..f) pre-
vents the propagation of the diagonal tension cracks in
the compression zone. On the other hand, in Stage CD,
the shear capacity controlled by compression is continu-
ously decreased as a result of the increasing compressive
normal stress. In Stage CD, the tension zone can develop
shear resistance even after tensile cracking due to post-
cracking tensile strength of FRC. Therefore, the shear
capacity of the cross-section is defined as the sum of the
contributions of the compression zone and the tension zone.
For failure controlled by compression

Vei=V.+ Vi = /Ocu b(2)\/fLf — oc(z)]dz + Vi (7a)

For failure controlled by tension

Va=Ve+ Vg = / b/ SIS + oc(2)]dz + Vi (7b)
0

where V.= contribution of compression zone to shear
capacity after tensile cracking, and Vy = contribution of
the tension zone to shear capacity after tensile cracking,
and ¢, = depth of the compression zone. In an actual beam
with inclined tensile cracks, Vi, is affected by the direction
of the inclined tensile cracks, ¢ as well as the post-cracking
tensile strength of FRC, f,..

Numerical studies for the above Egs. (7a) and (7b)
showed that generally, the shear capacity controlled by
compression is greater than the shear capacity controlled
by tension. An exemplar case is shown in Fig. 6 for a 500
width x 200 thickness (mm) cross-section in a normal
concrete slab—column connection (¥ =0). Such results
indicate that the shear capacity of the compression zone

500 mm
d =170 mm
h = 200 mm . . .
£ = 0.005 and 0.01 200 mm
f'.=40 (MPa)

—— Shear capacity controlled by compression
Shear capacity controlled by tension

800

~ 6001
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3

g

9]

=

S 2004,

=

17}

O T T
0 0.002 0.004 0.006
Compressive strain at the extreme O& s

compression fiber of cross-section

Fig. 6. Components of shear capacities controlled by compression and
tension for slab models.
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is generally governed by tension failure rather than by com-
pression failure. This conclusion is supported by findings of
other researchers [26]. The shear capacity of FRC slab—col-
umn connections is expected to show a similar trend to that
of the normal concrete connections, though the shear
capacity of FRC slab-column connections is increased
due to the post-cracking strength of FRC. Thus, in the
present study, the shear capacity controlled by tension
was considered to predict the shear strength of FRC
slab—column connections.

To evaluate the punching shear capacity at the critical
section, it was assumed that along the depth of the
compression zone, the strain of concrete was linearly
distributed. Considering the stress—strain constitutive
relationship of FRC (Eq. (2)), the stress at any point in
the cross-section with tensile cracks can be evaluated as

=2 (2]

For simplicity in calculation, we considered the average
compressive stress ¢ over the compression zone. Thus,
the shear capacity of the cross-section controlled by tension
is redefined as

V= \/ r,ft c/t + 6']170011 + Vi for fct/EC < Uécof < Ecof

(9a)
Vim \[fLfL 4 Glbocy /o + Ve for aeeor > ecor (9b)
where
Cu . d )
B UL (a—%)féf (10)

by = average perimeter of the critical section in the com-
pression zone of a slab—column connection.

3. Punching shear strength

Fig. 7 shows the relationship between the shear capacity
curve and the shear demand curve at a potential critical
section of a slab—column connection. The shear capacity
curve represents the shear capacity varying with the flex-

Shear capacity, Vu

Punching shear failure

., ! = .=+ Shear demand
J {  ——— Shear capacity
Compressive strain at the extreme O'é'mf

compression fiber of critical section

Fig. 7. Determination of punching shear strength.

ural deformation (or compressive strain at the extreme
compression fiber of the cross-section) (Egs. (6b) and
(7b) or (9a) and (9b)). The shear demand curve represents
the shear force which is applied to the critical section by the
flexural deformation of the slab. As shown in Fig. 7, the
punching shear strength of the critical section can be deter-
mined at the intersection between the shear capacity curve
and the shear demand curve. In an actual slab, since the
shear capacity and shear demand vary according to the
location of each potential critical section, punching shear
failure must be examined at all possible critical sections
at the slab—column connection. The first possible critical
section, where the shear demand reaches the shear capac-
ity, becomes the critical section. The punching shear
strength of the slab-column connection is determined as
the shear capacity of the critical section.

According to previous test results, punching shear fail-
ure usually occurs near the slab—column connection. This
is because at the slab—column connection, the flexural
cracking is most severe and the perimeter of the critical
section reaches its minimum, and thus the punching shear
capacity is significantly reduced (Eq. (9)). On the other
hand, the punching shear demand reaches its maximum
at the slab—column connection. Therefore, in the present
study, the critical section was defined as the cross-section
with the minimum possible perimeter, which is close to
the slab—column connection.

Fig. 8 shows the truncated pyramid-shaped failure
surface of a slab—column connection. The failure surface
inclined with angle ¢ is composed of the failure surface
of the tension zone and that of the compression zone. In
the present study, for simplicity, the critical section for
the compression zone was defined approximately, as a rect-
angular cross-section, by using the average perimeter b, of
the truncated pyramid-shaped failure surface in the com-
pression zone. The cross-sectional area of the inclined ten-
sion zone At and that of the compression zone A¢ can be
calculated by using the average punching shear cracking
angle ¢ as (Fig. 8)

a'(d") b"(c")

LRI LA

< ‘% _NAN) bl o %c‘ >

E
I

, Failure surface of
/> tension zone, A

€, —s Failure surface of
compression zone, A,

b, ¢, +2cotg c,

Fig. 8. Critical section of punching shear for proposed model.
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At = (2¢1 +2¢; +4cotp -d)(d —c,)/sin ¢ (11)
Ac = bocy = (2¢) +2¢y +4cot - cy)ey (12)

Considering the shear capacity in the tension zone to be
provided by only post-cracking tensile strength f,., an aver-
age post-cracking tensile strength, f,. = 0.6/ pe» €an be used
following the work of Naaman and Reinhardt [37]. The
shear strength provided by the tension zone Vi, is defined
as Eq. (13) with f;. (Fig. 9).

Vi = fpedr COS @ (13)

Based on experimental observations showing FRC slab—
column connection to have a relatively lower punching
shear crack angle compared to normal concrete slab—
column connection, the average cracking angle ¢ was set
to 30°. We will show that an assumption of this cracking
angle ¢ = 30° can be used without deteriorating model
accuracy. The proposed shear capacity curve in Eq. (9)
was applied to specimen FS-2 tested by Theodorakopoulos
and Swamy [7] (Fig. 10). The result is shown in Fig. 11.
To determine the shear strength of the slab—column con-
nection, the shear demand curve was evaluated by using the
effective beam model [38]. Assuming the flat plate as two
orthogonal beams with effective widths, 7yl =2c¢; +

BERENE

(==

=

¢ AT:AArea of tension zone : Vfr = fp[ 7 c()s¢
N i

Fig. 9. Shear resistance at FRC slab—column connection.

Column size 150 x 150 mm

Steel reaction frame Slab thickness 90 mm

f'. 34.3 (MPa)
P, 0.0016
Py 0.005
Actuator Edge beam
| é —
1 £ o —
E Rf 5
| é&"""" s £34.83) |
L Edge beam L
) 690 mm
fe 1800 mm g y 1690 mm
I TS00mm

Fig. 10. Test setup for Theodorakopoulos and Swamy’s [7] specimen
FS-2.

Shear demand curve
(using effect‘ive beam) [Eq. (14)]

_ J .
4 g X
S 300 /
> Shear capacity curve
g 5004 7y controlled by tension
g o [Eq. 9)]
o /
g .
= 1007 K4 Punching shear failure
/
0 — T
0 0.002 0.004 0.006

Compressive strain at extreme

O
compression fiber of critical section

Fig. 11. Determination of punching shear strength of Theodorakopoulos
and Swamy’s [7] FS-2.

(1/3),, and yl, = 2¢, + (1/3)/; [38], the moments at the crit-
ical section, My, and M,,, can be estimated for a given
value of curvature y (or compressive strain at extreme
compression fiber ae.or) (Fig. 12). Then the shear force
(shear demand) acting on the critical section Vy, which is
developed by M, and M, can be calculated as

Va=2Va +2Va (14)
Mul

Vi = - <V 15a

L2 — )2 —cotdcy2 TN (15)
M,

Var 2 Vaay (15b)

= = <
11/2701/2700‘[(]5'011/2
where

[pudfy + fre(d — i) (v12) (/d)
12/2 — 6‘2/2 — CO‘[(]) . Cu/z
Vi = [Podfy + fre(d cu)l(Vll)(] ) (16b)

11/2 7C1/2 — coth . Cu/2
[; and I, = span length in longitudinal and transverse direc-
tions, respectively, py; and py, = ratios of flexural reinforce-
ment of the effective beams in longitudinal and transverse
directions, respectively, M,; and M, = moments corre-
sponding to curvature (or compressive strain at extreme
compression fiber) at the critical sections of the effective
beams, Vi, and Vg4, = shear force provided by the flex-
ural strength of the effective beams in longitudinal and
transverse directions, respectively, and jd =length of
moment arm of the effective beams. Fig. 11 shows the shear
demand curve (Eq. (14)) for specimen FS-2 of Theodorak-
opoulos and Swamy [7]. At the intersection between the
shear capacity curve and the shear demand curve, the shear
strength of the specimens was 240 kN, which agreed well
with the test result Vey, = 225 kN.

ley = (163)

4. A simplified approach and verification

Since the evaluation of the shear capacity curve and the
shear demand curve requires considerable calculation, a
simplified approach for evaluating the shear strength of
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Fig. 12. Effective beam model for flat plate simply supported on four edges.

FRC slab—column connections is proposed here consider-
ing the above findings and observations by several
researchers. If a design value of the maximum compressive
strain corresponding to the punching shear failure is
assumed, the punching shear strength of a slab—column
connection can be easily calculated without evaluating
the shear capacity curve and the shear demand curve.
Based on the test results on conventional concrete slab—col-
umn connections performed by Kinnunen and Nylander
[31], the maximum compressive strain corresponding to
the punching shear failure, og.or = 0.00196, can be used.
For such maximum compressive strain, the average com-
pressive stress ¢ can be calculated using Eq. (10). This will
further simplify the tensile strength of FRC to f} = 0.9f,
(Eq. (4)). Using Eq. (9a), the punching shear strength of
FRC slab—column connections can be defined as

V= 1/0.97,[0.9f, + (o~ 22/3) - fildc + Vs

Finally, to address the size effect of punching shear strength
reported by a few researchers [39,40], a size effect factor
As [= +/400/d (mm)] specified in BS 8110 [19] was used.
Using J,, the punching shear strength of the FRC slab—
column connection can be redefined as

Vo= sy J0.97 (097, + (2 — 2/3) - fildc + Vs
where A, = +/400/d, d in mm.

For verification, the proposed strength model (Eq. (18))
was applied to specimens presented in Table 1. In the com-
parison, 53 steel FRC specimens tested by five researchers
[6,7,11,41,42] were used. All of these specimens were simply
supported flat plates with testing setup similar to that in
Fig. 10. The dimensions and properties of the specimens
were summarized in Table 1. In this comparison, the spec-
imens with only steel FRC were used, and those with other
type of fibers and those with shear reinforcement were not
included. Various shapes of steel fibers were used: crimped,
hooked, Japanese type, paddle, corrugated, and plain
fibers. Various shapes of the cross-sections of fibers were
used: circular, rectangular, and elliptical cross-sections.

(17)

(18)

For a fiber with a non-circular cross-section, the aspect
ratio of fiber (L/D) was calculated by using the diameter
of an equivalent circular cross-section which has the same
area as that of the original cross-section of the fiber. The
test specimens had a broad range of design parameters
which enables good verification of the proposed model:
125 < f1 <412 (MPa), 1.0<c¢/d<2.6, 11.8<//d<
20.1, 39 <d< 138 (mm), 0.33 < p <2.03 (%), 0< Vr<
2.8 (%), 29 < L/D < 100. For all calculations, the cracking
angle was taken equal to 30° as discussed above.

In Fig. 13, the punching shear strength predicted by the
proposed strength model (Eq. (18)) is compared with the
test results. It is obvious that the proposed strength model
can accurately predict the punching shear strength of the
test specimens. The mean value of the experimental results
to the model prediction is 1.00, with a standard deviation
of 11.7%. These results showed that the proposed model
can predict the punching shear strength of specimens with
various types of steel fibers including plain, hooked, and
crimped fibers with good accuracy (Fig. 14).

Fig. 15 shows the variation of the punching shear
strengths of slab—column connections according to primary
design parameters: the compressive strength of concrete,
flexural reinforcement ratio, and the volume ratio of fiber.
As shown in Fig. 15a, the punching shear strength increases
with the compressive strength of concrete. This is because
the tensile strength of FRC increases as the compressive
strength of FRC increases. In Fig. 15b, as flexural rein-
forcement ratio increases, the punching shear strength
increases. In the proposed strength model (Eq. (18)), the
punching shear strength of a slab—column connection is
affected by the depth of the compression zone ¢,. As the
flexural reinforcement ratio increases, the depth of the
compression zone ¢, increases, which results in the increase
of the punching shear strength. As shown in Fig. 15¢c, the
proposed strength model accurately predicts the punching
shear strength, which varies according to the volume ratio
of fibers. The results are compared to the existing ACI
model for the punching shear strength of normal concrete
slab—column connections [12] which does not acknowledge
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Table 1
Dimensions and properties of test specimens, and strength-predictions
Specimens Ve (%) L/D* Fiber type d ¢, ¢ S Tensile reinforcement Vexp. Vexp.a
(mm) (mm) (MPa) ratio, p (%) (kN) V pred.
Swamy and Ali [6] S-1 0 - - 105 150 34.3 0.50 198 1.10
S-2 0.6 100 Crimped 105 150 343 0.50 244 1.03
S-3 0.9 100 Crimped 105 150 34.3 0.50 263 1.01
S-4 1.2 100 Crimped 105 150 343 0.50 281 0.98
S-5 0.9 100 Crimped 105 150 34.3 0.50 267 1.02
S-6 0.9 100 Crimped 105 150 34.3 0.50 239 091
S-7 0 - - 105 150 34.3 0.66 222 1.10
S-13 0.9 83 Plain 105 150 34.3 0.66 237 0.98
S-12 0.9 100 Hooked 105 150 34.3 0.66 249 0.90
S-11 0.9 100 Crimped 105 150 34.3 0.66 262 0.95
S-8 0.9 100 Crimped 105 150 34.3 0.66 256 0.91
S-16 0.9 100 Crimped 105 150 34.3 0.50 213 0.81
S-10 0.9 100 Crimped 105 150 343 0.42 203 0.81
S-9 0.9 100 Crimped 105 150 34.3 0.33 179 0.75
S-19 0 - - 105 150 343 0.33 131 0.88
Theodorakopoulos and FS-1 0 - - 100 150 31.1 0.56 174 1.00
Swamy [7] FS-2 0.5 100 Crimped 100 150 29.9 0.56 225 1.08
FS-3 1 100 Crimped 100 150 31.4 0.56 247 1.00
FS-4 1 100 Crimped 100 150 329 0.56 224 0.87
FS-5 1 100 Crimped 100 150 33.5 0.37 198 0.84
FS-6 1 100 Crimped 100 150 31.4 0.37 175 0.75
FS-7 1 100 Crimped 100 150 32.3 0.37 192 0.83
FS-19 0 - - 100 150 30.4 0.37 137 0.95
FS-20 1 100 Crimped 100 150 32.6 0.37 211 0.90
FS-8 0 - - 100 100 323 0.56 150 1.00
FS-9 1 100 Crimped 100 100 31.3 0.56 217 1.02
FS-10 0 - - 100 200 32.0 0.56 191 0.97
FS-11 1 100 Crimped 100 200 30.1 0.56 260 0.94
FS-12 1 60 Japanese® 100 150 31.8 0.56 218 0.98
FS-13 1 100 Hooked 100 150 29.5 0.56 236 0.98
FS-14 1 70 Crimped 100 150 30.8 0.56 240 1.06
FS-15 1 90 Paddle® 100 150 27.5 0.56 238 1.05
FS-16 1 70 Paddle® 100 150 24.6 0.56 228 1.12
FS-17 1 70 Paddle® 100 150 41.2 0.56 268 1.05
FS-18 1 70 Paddle® 100 150 12.5 0.56 166 1.13
Harajli et al. [11] Al 0 - - 39 100 29.6 1.12 63 1.11
A2 0.45 100 Hooked 39 100 30.0 1.12 68 1.10
A3 0.8 100 Hooked 39 100 31.4 1.12 78 1.17
A4 1 60 Hooked 39 100 24.6 1.12 69 1.18
A5 2 60 Hooked 39 100 20.0 1.12 62 1.12
Bl 0 - — 55 100 314 1.12 99 1.09
B2 0.45 100 Hooked 55 100 31.4 1.12 115 1.14
B3 0.8 100 Hooked 55 100 31.8 1.12 117 1.10
B4 1 60 Hooked 55 100 29.1 1.12 118 1.18
B5 2 60 Hooked 55 100 29.2 1.12 146 1.34
Alexander and PI11FO 0 - - 138 200 33.2 0.43 257 0.99
Simmonds [41] PI1F3 1.3 29 Corrugated® 138 200 35.8 0.43 324 0.98
P11F66 2.7 29 Corrugated® 138 200 35.0 0.43 345 0.87
P38F0 0 - - 111 200 36.9 0.54 264 1.08
P38F34 1.4 29 Corrugated® 111 200 38.4 0.54 308 1.04
P38F69 2.8 29 Corrugated® 111 200 38.5 0.54 330 0.96
McHarg et al. [42] FSU 0.5 60 Hooked 117 225 39.0 1.04 422 1.12
FSB 0.5 60 Hooked 117 225 39.0 2.03 438 0.93
Mean 1.00
Standard deviation 0.117

& Aspect ratios of fibers calculated with diameters of equivalent circular cross-sections.

® B =1 was used.

¢ Some of these data were calculated by using f = fc cube/1.42, fcube = compressive cube strength of concrete.
4 Strength-predictions by proposed method, Eq. (18).
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Fig. 15. Variations of punching shear strength according to design parameters.

post-cracking capacity of FRC. It is obvious that the pro-  capacity of FRC due to its neglect of the post-cracking
posed method can predict the punching shear strength of  capacity which can significantly contribute to the punching
FRC with much better accuracy than the ACI model. shear strength capacity of the slab-column connections
The ACI model [12] underestimates the punching shear  reinforced with steel fibers.
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It is noted that the proposed strength model with proper
modification developed in the present study may be applica-
ble to the other types of connections subjected to unbal-
anced moment. However, since experimental studies on
edge or corner connections using steel fibers were rarely per-
formed, it is difficult to verify the model applicability to edge
and corner connections. Therefore, the scope of the present
study was limited to interior slab—column connections.

5. Conclusions

A theoretical model for evaluating the punching shear
strength of slab—column connections reinforced with steel
fibers was developed. The contributions of the compression
zone and the tension zone at the critical section were
considered. The contribution of the compression zone was
evaluated by considering the variation of the compressive
stress developed by the flexural moment. The contribution
of the tension zone was evaluated by considering the effect
of the post-cracking tensile strength which is an important
characteristic of FRC. A simplified strength model for
design purpose was developed. The proposed strength
model was verified by the comparisons with the existing test
results of slab—column connections reinforced with steel
fibers. The punching shear capacity of the compression zone
as well as that of the tension zone was controlled by tension
cracking rather than compression crushing. The shear
capacities of the compression zone and the tension zone
were strongly affected by the depth of the compression zone
and the post-cracking tensile strength of FRC, respectively.
The use of FRC significantly enhanced the punching shear
capacity of slab—column connections.
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