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Precast hollow-core slabs (PHSs) are widely used in precast construction due to their relatively low dead weight
and easy assemblage. Cast-in-place topping concrete (TC) is utilized to obtain composite sections and to enhance
in-plane stiffness of the slab system. Shear transfer between the layers of a composite slab can be provided by the
upper face roughness of PHS. However, the roughening process may not be preferred in some plants. This paper
evaluates the efficiency of Z-type shear connectors applied in the interface between PHS and TC. Three dissimilar

interface conditions (i.e., Z-reinforced, smooth and rough) were studied experimentally in full-scale specimens.
Push-off loading was applied to evaluate the interface shear transfer capability of the specimens, and Z-type
shear connectors were found to be the most effective when they are applied at each joint between PHSs. The
achievements of some code equations to assess interface shear strength were also investigated, and an alteration
for the interface shear capacity equation of ACI 318M is proposed.

1. Introduction

Precast/pre-stressed hollow-core slabs (PHSs) are widely used in
precast constructions due to their advantages, including easy assem-
blage and low self-weight/live load ratio [17]. Cast-in-place topping
concrete (TC) is often applied to obtain a smooth finish. Partial or fully
composite action is supplied by different interaction details, such as
interface shear, properly anchored ties or both, and enables horizontal
shear force transmission between the segments of composite sections.

Scott [20] performed bi-directional tests on machine-made hollow-
core slabs with depths of 20 cm and widths of 60 cm. The study com-
pared the experimental results with the equations defined in design
codes and found that the ultimate flexural capacity of PHS can be
precisely predicted.

Ueda and Stitmannaithum [21] predicted shear strength of PHS by
considering the crack pattern. Although web shear cracking strength
was computed through the conventional elastic analysis method, flex-
ural-shear cracking strength was obtained by their proposed approach.

Yang [22] suggested a design procedure to determine shear capacity
of PHS webs and verified their proposed equation with finite element
models and two test specimens. The procedure accounts for diverse
loading cases, prestress levels, types of cross-section, material and
geometric parameters.
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Loove and Patnaik [13] proposed a parabolic equation to evaluate
horizontal shear stress in composite concrete beams. After testing 16
beam specimens, they mentioned that an as-cast surface with coarse
aggregate could have adequate horizontal shear strength, and stirrups
were ineffective until horizontal shear stress exceeded some specific
values.

Pajari and Koukkari [15] performed 10 large scale tests on PHSs
supported on beams. The failure mode was web-shear for all specimens.
The shear resistance of PHSs was considerably reduced due to deflection
of the supporting beams. It was also declared that the interaction be-
tween the slab and beam was an important factor affecting the shear
resistance. Pajari [16] proposed a simple calculation model based on
the experimental results.

Julio et al. [12] conducted an experimental study to investigate the
interface shear strength between two concrete layers. Different tech-
niques were considered to increase surface roughness, and the highest
interface shear strength was obtained from the sand-blasting technique.
In addition, pre-wetting was found to be insignificant in terms of af-
fecting interface shear strength.

Girhammar and Pajari [10] conducted an experimental and theo-
retical study on the effect of structural toppings on the shear capacity of
hollow core slabs. They also evaluated the adequacy of bond strength of
the non-treated interface. They reduced thickness of PHSs by increasing
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Nomenclature

Variables

Ay concrete shear transfer area

Ay effective shear area

Agecion  Sectional area

Ay shear reinforcement area

A, min minimum horizontal shear reinforcement area

b slab width

b,, web width of cross section

bui width of interface

c cohesion coefficient

d distance from extreme compression fiber to centroid of
longitudinal tension reinforcement

fe concrete compressive strength

St concrete tension strength

fy steel yield strength

h slab thickness

hy center of gravity from bottom

I moment of inertia

Leomp moment of inertia of composite section

L span length

N normal force on interface

s center-to-center spacing of the shear reinforcements
teover cover concrete for strands

T shear force

T; interface shear force

Q first moment of inertia

vV, interface shear force

Vi interface shear force

a angle between shear reinforcement and shear plane
u friction coefficient

v strength reduction factor

p shear reinforcement ratio

o, compressive stress on the interface

T interface shear stress

TC thickness without allowing for decrements in load carrying capacity.
They concluded that TC may increase shear capacity by up to 35%.

Ajdukiewicz et al. [3] performed experiments on PHSs with typical
concrete toppings. No interface reinforcement or any special prepara-
tion process was used at the interface. Experimental results displayed
that the interaction between the segments of composite section was
quite efficient till 95% of the ultimate load capacity.

Santos and Julio [19] presented a detailed review of the design
expressions for the interface shear strength of PHSs. They compared the
existing equations and concluded that roughness of concrete substrate
is a key parameter.

Mones and Brena [14] performed push-off tests on two different
types of PHSs—namely, dry and wet mixes. In total, 24 specimens were
tested to determine the interface shear capacity, and no interface shear
reinforcement was applied. The interfacial shear stresses were found to
be related to surface roughness, sandblasting for wet-mix specimens
and grouting.

Adawi et al. [2] experimentally investigated the effect of TC on the
behavior of PHSs, aiming to evaluate North American design standards.
The tested specimens showed a better performance than the limit sug-
gested by the standards.

Baran [5] investigated flexural behavior of PHSs with cast-in-place
TC. The specimens did not have a specially prescribed roughness or
shear reinforcement detail. The flexural capacities obtained from the
numerical and experimental studies were compared. A full composite
action was obtained until the first cracking, and cracking moment and
initial stiffness were improved by the contribution of TC. Nevertheless,
the ultimate moment capacity of the slabs was barely affected by the
existence of TC.

Ibrahim et al. [11] performed shear type tests on PHSs with TC. The
effects of two roughness types (i.e., smooth and roughened) and three
mixture types (i.e., wet, ponded and dry) were evaluated. It was found
that surface roughness and moisture were not related with the obtained
failure modes. The roughened surface was found to be more effective to
maintain the interaction between PHS and TC. The wet specimens in the
two groups had higher load-carrying capacity.

Bernardi et al. [6] proposed a general design method to predict load
distribution at serviceability conditions for PHSs with TC. Each panel
was considered as Saint-Venant beams connected to other ones via
rotational springs. Hence, the unique unknown of the system was re-
duced to the shear forces transferred along the structural joints. The

model was verified with the experimental results existing in the lit-
erature and code provisions. They stated that the proposed procedure
can be used for design purposes.

This paper experimentally evaluates the effectiveness of Z-type
shear connectors. The performances of 10 full-scale specimens with
distinct interface types (i.e., Z-reinforced, smooth and roughened) were
compared. The specimens with three-rows of Z-type connector and the
roughened interfaces satisfied the full composite actions.

2. Experimental study

Two PHSs were combined to make each specimen. The thickness of
PHSs and cast-in-place TC were 150 and 70 mm, respectively, and plan
dimensions of the specimens were 2 X 1.2 = 2.4 m and 6.0 m. A
characteristic cross-section of the specimens is presented in Fig. 1.
Sectional characteristics of the specimens for pre- and post-composite
action are listed in Table 1 as well.

The production steps of the slab system that is similar to the practice
are as follows: (i) Cleaning and pre-wetting of the longitudinal joints
between adjacent PHSs [12,14,11], (ii) Filling the joints with non-
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Fig. 1. Typical cross-section of the specimens and Z-type shear connector.
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Table 1
Cross-sectional properties of the specimens (for single PHS).
Property PHS Composite section
[ ]
100000000000008 [0000000000000!
Slab thickness (mm) h 150 220
Slab width (mm) b 1200 1200
Slab web width (mm) b,, 300 300
Sectional area (mm?) Asection 123.6 x 10° 207.6 x 10°
Center of gravity from bottom (mm) hg 75.04 119.53
Moment of inertia (mm*) I 3.033 x 10° 9.424 x 10°
First moment of inertia (mm?) Q - 5.499 x 10°
Cover concrete for strands (mm) teover 20 20
Table 2 shrinkage grout, (iii) Placement of Z-type shear connectors in the joints
Definition of the specimens. (see Fig. 1) with specific intervals, (iv) Setting up wood formworks at
. 2 . . .
Tag Interface Test Type slab ed.ges, (v.) Placement of wire mesh (188 mm~/m in both direction)
and (vi) Casting of TC.
Z1F-1 One-row Z-reinforcement and smooth Flexural The specimens were designed according to ACI 318M. Span lengths
22F-1 (L) and dead and live loads were taken as 5.6 m, 4.76 kN/m?, and 12.00
R1F Roughened Flexural 2 .
ROF kN/m*®, respectively.
S1F Smooth Flexural Three distinct interface cases were studied. The definitions of spe-
S2F cimens and their tags are listed in Table 2. Construction stages and
z18-1 One-row Z-reinforcement and smooth Shear interface profiles of the specimens are revealed in Fig. 2. The depth of
2251 ) the roughness was 6 mm in R1F and R2F according to ACI 318M
Z1S-3 Three rows Z-reinforcement and smooth Shear . R
7953 (Fig. 2c). Diameter of the Z-type shear connectors was 10 mm, and they

were placed in the longitudinal joint between PHSs with 400-mm in-
tervals in Z1F-1, Z2F-1, Z1S-1, Z2S-1, Z1S-3 and Z2S-3 (Fig. 2a, d and
e). Nominal yield strength of Z connectors was 420 MPa. The additional

a- ZI1F-1 and Z2F-1
(one-row shear connector)

b- SIF and S2F c- RIF and R2F

d- Z1S-1 and Z2S-1
(one-row shear connector)

e- Z1S-3 and Z2S-3
(three-rows shear connector)

f-  Grout filling for some PHSs

Fig. 2. Interface details of the specimens and the grout filling.
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b- Shear tests

Fig. 3. Testing set-ups.

Z-type connectors were placed in the broken and grouted holes of Z1S-3
and Z2S-3 at their ends in 2.0 m lengths, Fig. 2e. Z1S-3 and Z2S-3 re-
present the practice in which Z-type connectors are placed at each
longitudinal joint between the adjacent PHSs. However, Z1S-1 and Z2S-
1 were tested to evaluate the effect of the shear reinforcement area on
the composite action.

The concrete compressive strengths in 28 days were 44.5, 44.3 and
42.6 MPa for PHS, TC and grout mortar, respectively, and nominal yield
strengths of the steels were 1860 MPa and 500 MPa for prestressing
strand and wire mesh, respectively.

PHSs of the specimens were pretensioned with ten 7-wire strands
having 3/8” diameter, see Fig. 1. The strands were pretensioned to 65%
of their nominal yield strength.

Six of ten specimens (Z1F-1, Z2F-1, S1F, S2F, R1F, R2F) were uti-
lized for flexural tests, while the remaining (Z1S-1, Z2S-1, Z1S-3, Z2S-3)
were used in the shear tests. Before the shear tests, voids of PHSs were
filled with grout at one end (2 m in width) to increase the sectional
shear capacity (Fig. 2f).

Two independent testing set-ups were used for the flexural and
shear tests. The specimens were simply supported. In the flexural tests,
four concentric forces placed with equal distances in the span were
applied to the specimens with steel beams placed on rubber pads
(Fig. 3a). In the shear tests, one stiff steel beam placed on rubber pad
was positioned 800 mm away from the support (Fig. 3b) to achieve a
shear dominant behavior.

Slow-rate load increments were applied to the specimens. One load

cell was used to measure the load, and several LVDTs were utilized in
various positions of the specimens to measure absolute and relative
displacements. The relative vertical and horizontal displacements be-
tween PHSs and TC were measured at four discrete sections on both
edges of the specimens. Six strain gauges were adhered to the lower and
upper flanges of the PHSs and TC at the loading section to measure
longitudinal strains (Fig. 4).

No separations were observed between PHSs and TC when the
specimens were arrived to the laboratory. During the waiting phase in
the laboratory, some corner separations of TC were observed for S1F,
S2F, Z1F-1 and Z2F-1 because of shrinkage (Fig. 5a-b). It was expected
for smooth interfaces of S1F and S2F. For Z1F-1 and Z2F-1, possible
reason for the separation was that the effectiveness of Z-type connectors
decreases away from the joint. No such evidence was observed for the
three rows of Z-type connectors and the roughened specimens
(Fig. 5¢-d).

The full-scale test specimens may have the following drawbacks
compared with the real world:

(i) Though continuity exists in the transversal direction due to TC, the
specimens consist of only two PHSs.

(ii) Though continuity exists in the longitudinal direction due to TC and
the wet connection of supporting beam, the specimens were simply
supported elements.
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a- Relative up-lift and slippage
measurements at the interface

b- Longitudinal strain measurements

c- The displacement transducers

Fig. 4. The measuring system.

3. Test results
3.1. Load-displacement relationships

Mid-span displacement vs. load relations are presented in Fig. 6,
although displacements of the specimens were measured at L/4 inter-
vals. The responses of two PHSs are presented together in the graphics.
Almost identical responses were obtained from twin PHSs. The flexural
and shear test results are compared in Fig. 7.

In the flexural tests, the first crack was observed at approximately
180 kN for all specimens. Z-type shear connectors supplied partial
hardening after first cracking. The maximum force was 300 kN for S1F,
S2F, Z1F-1 and Z2F-1 specimens, whereas it was 450 kN for the
roughened specimens. The initial stiffnesses of all specimens were al-
most identical prior to the first cracks (Fig. 7a), and the maximum mid-
span displacement was approximately 260 mm (L/21). Experiments
were stopped there for the crack widths increased extremely and some
possible safety issues of the testing setup. Full composite action was
obtained prior of the first cracking for S1F and S2F similar to the
Baran’s conclusion [5], the hardening loss point for Z1F-1 and Z2F-1.
Full composite action was achieved throughout the tests of R1F and
R2F.

Loss of contact between PHS and TC was observed about 60% of the
ultimate load carrying capacity as well as 10% of the ultimate dis-
placement capacity for S1F and S2F. These observations are

contradicting with the findings of Ajdukiewicz et al. [3] that declared
an as-cast surfaces are quite efficient till 95% of the ultimate load. The
results obtained for R1F and R2F are totally agree with the conclusion
of Santos and Julio [19] who state that roughness of the interface
surface is quite effective on the composite behavior.

In the shear tests, first cracking was recorded between 280 and 320
kN for the specimens (Fig. 7b). However, maximum strengths were
obtained as 400 and 500 kN for Z1S-1 and Z1S-3, respectively. More-
over, Z1S-3 and Z2S-3 responded with more stability in the plastic
range.

3.2. Relative displacements between PHSs and TC

The horizontal (slippage) and vertical (debonding) relative dis-
placements between the PHSs and TC were measured and are analyzed
in this section. Slippage initiated in the early stages of S1F and S2F
tests. Slope of the load displacement curve was significantly altered
after the first cracking (Fig. 8), and the maximum slippage observed
was under 16 mm in S2F. For Z1F-1 and Z2F-1, slippage occurred after
approximately 240 kN and 210 kN, respectively (Fig. 8). Slippage in-
creased gradually by the increment of vertical displacements, and no
slippage was observed for the roughened specimens (R1F and R2F) and
specimens of Z1S-3 and Z2S-3 (Fig. 8). Very limited amount of slippage
(about 0.2 mm) was recorded for the other specimens (Z1S-1 and Z2S-
1).
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a- ZI1F-1 and ZIF-2

b- SIF and S2F

c- RIF and R2F

d- Z1S-3 and Z2S-3

Fig. 5. TC separation prior the testing.

Similar trends were observed in terms of debonding. The maximum
separation was about 4 mm for S1F, S2F as well as 6 mm for Z1F-1 and
Z2F-1. No separation was recorded for R1F and R2F and the shear
specimens of Z1S-1, Z2S-1, Z1S-3 and Z2S-3 (Fig. 9).

3.3. Longitudinal strains

Strain gauges adhered to TC supplied valuable data throughout the
tests. Longitudinal compressive strains vs. load relations are shown in
Fig. 10. In the flexural tests, maximum compressive strains at TC were
0.04%, 0.13% and 0.28% for smooth, Z-reinforced and roughened
specimens, respectively. On the other hand, the strains were
0.10-0.12% for the shear specimens.

3.4. Damage patterns and failure modes

Crack patterns recorded in the flexural tests are depicted in Fig. 11a,

b and c. The cracks distributed continuously between the load points,
and the maximum crack widths were 1.6 mm, 3.4 mm and 6.0 mm for
the smooth (S1F and S2F), Z-reinforced (Z1F-1 and Z2F-1) and rough-
ened (R1F and R2F) specimens, respectively. During the flexural tests,
slippage and separation of TC were common damage modes for S1F,
S2F, Z1F-1 and Z2F-2. The events initiated in earlier steps of the tests
and gradually increased (Fig. 12a and b). Conversely, no slippage and
separation were observed in R1F and R2F. Web shear cracks, pre-stress
loss and joint separation were observed at latest stages of these tests
(Fig. 12¢).

In the shear tests, although a few flexural cracks were observed at
earlier steps, leading damage mode was shear cracking for all speci-
mens (Fig. 11d and e). Web shear cracking, pre-stress loss, joint se-
paration as well as slippage and TC separation were not observed in
Z1S-3 and Z2S-3 (Fig. 12d and e).
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Fig. 6. Force-displacement relationships of the specimens.
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3.5. Interface shear stresses Ay min [mm?/s] = 0.062\/]70 bys/, 1y (3a)
Interface shear stress between the segments of composite slabs were Ay min [mm?/s] = 0.35b,,s/f, (3b)

computed by Eq. (1), where 7, is horizontal shear stress, T is shear force,
Q is static moment of cross-sectional area of TC with respect to neutral
axis of the composite section, I ,mpy is moment of inertia of the com-
posite section and b,,; is width of the interface.

TxXQ

h= """
Icump X bwi (l)

Eq. (1) is valid when full interaction exists between the segments of
the slab system. Therefore, the experimental shear stresses were gen-
erated prior to separation of TC in S1F, S2F, Z1F-1 and Z2F-1 (Fig. 13a).
In the flexural tests, the obtained maximum shear stresses were
0.2 MPa, 0.3 MPa and 0.5 MPa for smooth (S1F and S2F), Z-reinforced
(Z1F-1 and Z2F-1) and roughened specimens (R1F and R2F), respec-
tively.

In the shear tests, maximum interface shear stresses were obtained
as 0.95 MPa and 1.20 MPa for Z-reinforced specimens of Z1S-1 and Z1S-
3, respectively (Fig. 13b).

4. Comparison of the test results with the code estimation

The interface shear stress capacity of the slab systems was estimated
by different codes in terms of some critical values and equations.

ACI 318M [1] defines some general rules for the composite mem-
bers. The interface shear force (T; [N]) is calculated by an empirical
equation (Eq. (2a)), where b,, is web width of cross section [mm], and d
[mm] is distance from extreme compression fiber to centroid of long-
itudinal tension reinforcement. The interface shear stress is calculated
by Eq. (2b), where A4 is effective shear area determined from the shear
diagram, Fig. 14.

T,[N] = 0.55b,,d (2a)
7, [MPa] = T/Ayy (2b)

If the interface shear force is aimed to transfer by shear reinforce-
ment, ACI 318M requires a minimum horizontal shear reinforcement
area (A, min) as given in Egs. (3a) and (3b), where b, is web width
[mm], s is the center-to-center spacing of the shear reinforcements
[mm], f. and f, are compressive strength of concrete and yield strength
of shear reinforcement [MPa].

The required shear reinforcement area for the specimens is calcu-
lated as 210 mm? according to ACI 318 by Eq. (3a) where f, = 35 MPa,
fy = 420 MPa, b,, = 600 mm and s = 400 mm. Z-type shear connector
areas of the tested specimens were 236 mm? and 79 mm? for three-rows
and one-row shear connector cases with intervals of 400 mm, respec-
tively. Although fully composite action was observed for three-rows Z-
type connector case, loss of interaction was recorded in one-row con-
nector case after hardening loss. Hence, ACI-318 equations could be
utilized to determine the required area of Z-type shear connectors.

The various code estimations for the interface shear strength,
Table 3, are illustrated on the experimental displacement vs. interface
shear stress diagrams where only the fully interacted parts of the tests
are shown, Fig. 15.

In the flexural tests, full separation of TC was observed after
0.2 MPa interface shear stress for S1F and S2F. Also, partial separation
of TC was observed after 0.3 MPa interface shear stress at both edges of
Z1F-1 and Z2F-1. Full bonding was experienced for R1F and R2F. The
maximum interface shear stress reached 0.5 MPa. Although the esti-
mations of ACI 318M for smooth and Z-reinforced specimens were
appropriate with the test results, they are relatively conservative for the
roughened specimens. The interface shear capacity estimations of CAS
are relatively conservative, see Table 3 and Fig. 15. A similar conclusion
was made by Adawi et al. [2]. Moreover, CEB-FIP Model Code [9] is
quite conservative for the smooth interfaces.

In the shear tests, full bonding was observed for Z1S-3 and Z2S-3.
The maximum interface shear stress was 1.2 MPa. Limited separation
was observed after interface shear stress of 0.5 MPa and 0.7 MPa at
both edges of Z1S-1 and Z2S-1, respectively.

An alteration in Eq. (2a) is advised for the roughened and Z-re-
inforced at each joint (Z1S-3 and Z2S-3) between PHS type systems, as
given in Eq. (4). The product of Eq. (4) is also revealed in Fig. 15c and e.

T [N] = 0.75b,,d C)]

5. Conclusions

The efficiency of the Z-type shear connector application was eval-
uated through the full-scale tests. The results were compared with the
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Fig. 11. Crack distributions at the ends of the tests.

various code estimations. The following conclusions can be made:

e Twins of full-scale specimens tested for the five diverse variables
exhibited very similar behavior.

o All specimens had comparable initial stiffness till the first cracks
occurred.

o The contribution of the Z-type shear connector utilized at the sole
joint between PHSs is limited. After partial separation at the edges,
the behavior was comparable with the smooth specimens.

e Full composite action was obtained for the roughened specimens
and the specimens with three-row Z-type shear connectors (Z1S-3
and Z2S-3). The maximum interface shear stresses were 0.52 and
1.21 MPa.

o The placement of Z-type shear connectors at each longitudinal joint
between PHSs will produce robust composite action.

11

e The maximum interface shear strength estimations of ACI 318M for
the smooth specimens and the specimens with one-row Z-type shear
connector (Z1F-1, Z2F-1, Z1S-1 and Z2S-1) were reasonable.

e The maximum interface shear strength estimations of ACI 318M for
the roughened specimens and the specimens with three-row Z-type
shear connectors (Z1S-3 and Z2S-3) were conservative.

® ACI-318 equations could be utilized to determine Z-type shear re-
inforcement area.

e A modification was proposed for the ACI 318M equation. The
modified equation generates a reasonable estimation for the
roughened specimens and the specimens with three-row Z-type
shear connectors (Z1S-3 and Z2S-3).
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a- Z1F-1 and Z2F-1

d- Z1S-1 and Z2S-1 e- Z1S-3 and Z2S-3

Fig. 12. The important damages observed from the specimens.
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Fig. 13. Interface shear stresses.

a- Flexural tests b- Shear tests

Fig. 14. Definition of effective shear area (A.y).

Table 3
Horizontal shear stress estimations [MPa] of various codes.
Code Equations Specimen’ Flexural Shear
ACI318-14 T[N] = 0.55by,d S x? X
74 [MPa] = Ti/Agfr R 0.393 X
Z-1 X X
Z-3 X 0.550
EC-2 [4] VRdi = ¢fyq + Hon + pfyd (usina + cosa) < 0.50f 4 S 0.304 X
ok R 0.750 X
v= 0~6(1 - ﬁ) z-1 0.336 0.413
¢ = 0.2and p = 0.6 for smooth specimens Z3 X 0.517
¢ = 0.5 and p = 0.9 for roughened specimens
BS8110 [7] 0.600 MPa for smooth interfaces (C35) S 0.600 X
0.775 MPa for roughened interfaces (C35) R 0.775 X
Z-1 0.600 0.600
Z-3 X 0.600
CEB-FIP o= c,fc‘k/3 + ulorafyg + on) + xzp\,fydfcd < Bvfeg SR 82;2 i
All variables are defined in Randl [18]. 7.1 0.030 0.107
Z-3 X 0.186
CSA [8] _ Ayf S 0.169 X
Vi = ¢A(c + poy) + ¢5Efyd cosa R 0.352 %
Ay N, _ _ 71 0.194 0.246
op = Awfydsmoc + Aw¢° =065, ¢ =085 A=1 73 o 0.326

¢ = 0.25 and p = 0.6 for smooth specimens
¢ = 0.5and p = 1.0 for roughened specimens

1 S smooth, R roughened, Z-1 one-row Z reinforced, Z-3 three-rows Z reinforced.
2 Not Applicable.
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Fig. 15. Comparison of the code specified interface shear strength with the experiments.
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