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ABSTRACT

Hollowcore slabs are commonly used in different types of structures. They are usually topped
with a 50 mm concrete topping. Structural engineers can use this topping to increase the slab
load carrying capacity. North American design standards relate the horizontal shear strength at
the interface between hollowcore slabs and the concrete topping to the slab surface roughness.
This paper presents results of four push-off tests on hollowcore slabs supplied by two
manufacturers and roughened using a conventional steel broom. The tested slabs sustained
higher horizontal shear stresses than those specified by the design standards. Utilizing the data
from the push-off tests, an analytical model was applied to evaluate the shear and peel
stiffnesses, ks and k,, of the interface between hollowcore slabs and concrete topping. Structural
engineers can utilize &y and k, values to model the composite action between hollowcore slabs
from the two manufacturers and concrete topping. The analytical model was also used to

evaluate the actual distribution of shear and peel stresses.

Subject Headings: shear stress, peel stress, hollowcore slabs, concrete topping, push-off tests,

analytical modeling.
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INTRODUCTION

Hollowcore slabs are precast/prestressed concrete elements that are commonly used in the
construction industry. They are manufactured at a precast concrete plant prior to shipping to the
job site. After installation, they are typically topped with a 50 mm cast-in-place concrete topping
to level the surface. Structural engineers can make use of the concrete topping to increase the
load carrying capacity of the slab. This consideration requires that failure at the interface
between the hollowcore slab and the concrete topping does not initiate prior to reaching the
ultimate capacity of the composite section. North American design standards specify that the
shear strength of the interface between intentionally roughened hollowcore slab surface and the
concrete topping can be taken as 0.70 MPa, CSA A23.3-04! clause 17.4.3.2, or 0.55 MPa, ACI
318-08% clause 17.5.3.1. ACI 318-08 commentary clause R17.5.3.3 defines “intentionally
roughened” as a 6.4 mm of surface roughness and CSA A23.3-04 explanatory note N17.4.3.2!
defines it as roughness to amplitude of 5.0 mm. In North America, hollowcore slabs are
commonly produced using the extrusion process, which involves the use of zero-slump concrete
mix and high vibration augers. The surface of hollowcore slabs manufactured using this process
is referred to as “machine-cast-finish”. The roughness of this surface varies depending on
number of factors including: concrete mix design and wear and tear of the concrete extrusion
machine. The same variability exists when this surface is roughened. Roughening a hollowcore
slab surface to the amplitudes specified in the design standards involves additional time, material
and labor that manufacturers would be keen to avoid. A simple roughening technique that is
widely used by manufacturers involves the use of a steel broom. However, the produced

roughness does not qualify the slabs to be ranked as “intentionally roughened”.
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The shear strength provided at the interface between hollowcore slabs and the concrete topping
was investigated using full-scale tests for different surface finishes® #. The test results provided
evidence that horizontal shear levels given in ACI 318 are highly conservative. Girhammar and
Pajari (2008)° reported that the composite action increases the shear capacity of hollowcore slabs
by 35%. Ibrahim and Elliot (2006)°® studied the horizontal shear along the interface between
hollowcore slabs and concrete topping for smooth and roughened specimens. Roughness was
achieved using a steel wire brush. Moisture condition of the slab specimens before casting of the
concrete topping was also a factor in the study. The study evaluated the shear capacity of the
composite slabs using push-off tests. It was concluded that the roughness of the slabs was not
significant to differentiate between ‘“smooth” and “roughened” surfaces. However, surface
moisture condition considerably affected the results, where dry and ponded surfaces achieved

lower values compared with the wet surfaces.

This paper investigates the shear and peel behavior at the interface between hollowcore slabs and
cast-in-situ concrete topping through four push-off tests. The tested hollowcore slabs have
roughened surface finish. The paper then models the shear and peel stresses along the interface
between the hollowcore slab specimen and the concrete topping. The model is based on the
technique presented by El Damatty and Abushagur’ to calculate the shear and peel stresses in the
adhesive attaching FRP sheets to the flanges of steel I beams. A closed form solution of the
system equilibrium was used to determine the distribution of the developed shear and peel

stresses.
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EXPERIMENTAL PROGRAM

Four 1219 mm by 1219 mm by 203 mm thick hollowcore slabs obtained from two manufacturers
(A, B) were tested. Their surfaces were roughened using a conventional steel broom as shown in
Fig. 1a. The depth of the produced random grooves was about 1 mm and each manufacturer had

its own pattern as shown in Figs. 1b and 1c.

The manufacturer specified concrete compressive strength was 41 MPa. Fig. 2 shows 50 mm
cubes that were sampled from the edges of each slab. Testing these cubes according to ASTM
C349° and calculating the equivalent average cylinder concrete compressive strength showed that
the actual strength was 53 MPa and 58 MPa for slabs from manufacturer A and B, respectively.

Each of the tested slabs had four-'4~ prestressing strands.

The concrete topping properties were chosen to simulate general practice for this type of
construction. Its thickness was 50 mm and it covered an area of 508 mm by 508 mm. The
surfaces of the hollowcore slabs were wetted and then left to dry to obtain a “saturated dry
surface” condition before casting of the topping. This prevented the water of the concrete
topping to infiltrate into the hollowcore slab surface and produce a weak interface surface. The
concrete mix was provided by a ready mix manufacturer and contained 10 mm pea stone
aggregates and normal Portland cement. Neither air entraining agents nor additives were used.
The measured average slump was 120 mm. The concrete topping did not contain any reinforcing
bars to match the industry practice. Formwork and casting of the concrete topping are illustrated

in Figs. 3a and 3b. Curing was done according to CSA A23.1-09% for class “N” exposure by wet
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curing for three days in the laboratory environment. Three concrete cylinders were tested
according to ASTM C39!° to evaluate the compressive strength of the concrete topping on the

day of the push-off tests. The average strength was found to be 30 MPa.

Push-off Tests

The push-off tests were conducted in the vertical orientation. Fig. 4a shows a schematic of the
test setup where the hollowcore slab was installed in the vertical direction with the concrete
topping resting on 50 mm thick steel plate. The shear force was applied by the MTS hydraulic
actuator on a spreader steel beam that pushed the hollowcore slab specimen downward. The steel
plate reacted by a force on the concrete topping. This force generated shear and peel stresses
along the interface between the hollowcore slab and the topping. The steel frame positioned in
the back of the hollowcore specimen was designed to prevent the overturning of the test
specimen. The soffit of the hollowcore slab specimen was sufficiently smooth to allow free
movement of the steel frame without providing additional resistance. 50 mm wide by 3.2 mm
thick Korolath brand bearing pads were used under the steel spreader beam and between the steel
plate and the concrete topping to guarantee a uniform stress distribution at those locations. Fig.

4b shows a photo of the final test setup.

To capture the state of strains in the concrete topping, strain gauges were attached to its top
surface as illustrated in Fig. 5. Three strain gauges (S1, S3, and S5) were installed along the
vertical centerline to measure strains in the direction of the applied load. Strain gauges S2 and S4
were installed to evaluate the stress distribution across the width of the slab. The push-off tests

induced two types of stresses on the interface between the concrete topping and the hollowcore
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slab: shear and peel stresses. Four Linear Variable Displacement Transducers (LVDTs) were
used to measure movements in the shear (L3 and L4) and peel (L1 and L2) directions. LVDTs
(L3 and L4) were attached to the hollowcore slab with their armatures resting on angle brackets
attached to the side of the concrete topping. This setup allowed LVDTs to read the differential

displacement between the hollowcore slab and the concrete topping.

Prior to starting the test, a careful visual inspection did not reveal any signs of separation
between the concrete topping and the hollowcore slabs. The load was applied via the hydraulic
actuator at a rate of 10 kN/minute. Displacement and strain readings were collected throughout

the tests.

Test Results and Discussion

The ultimate load, at which the concrete topping separates from the hollowcore slab, and the
corresponding average shear strength, vj avg, are shown in Table 1. To obtain a conservative
estimate of Vv avg, the effect of slippage on the contact area was not accounted for and, thus, v;
avg. was directly calculated by dividing the failure load by the contact area. The ultimate load
accounts for the weight of the slab and the steel spreader beam. The average horizontal shear
strength for all of the tested slabs was higher than the limit of 0.7 MPa and 0.55 MPa required by
CSA A23.3! and ACI 318% respectively. Slabs from manufacturer A (slabs Al and A2)
demonstrated considerably higher shear strength than those from manufacturer B (slabs B1 and

B2). This difference might be due to the initial surface roughness and/or the roughening pattern.
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Strains recorded by S2, S3 and S4 showed close agreement in terms of values and trends as
illustrated in Fig. 6 considering slab Al. Slight misalignment of the strain gauges with the load
direction might have led to the shown differences. This close agreement indicates that the
stresses were uniform across the slab width. Extremely brittle and abrupt failure was observed
for all of the tested specimens. Load versus slip curves are shown in Fig. 7. The slip values
represent the average reading of LVDTs L3 and [L4. The maximum difference between the
readings of LVDTs L3 and L4 was less than 10% for all slabs. The curves generally illustrate
two stages; pre-yielding stage where the slope is considerably high followed by a post-yielding
stage where the slope becomes flatter. While the interface capacity in the pre-yielding stage
depends on the bond between the concrete topping and the hollowcore slab, the post-yielding
behavior is governed by shear friction between the slab and the topping. Slabs A1 and A2 differ
in the initial loading stage where slab A1l showed lower bond strength than slab A2. However,

both slabs failed at similar loads. Slabs B1 and B2 had also failed at similar loads.

The abrupt failure type that was observed for all tested specimens emphasizes that the horizontal
stress transferred along the interface layer did not have the ability to fully redistribute over the
contact area once failure was initiated. This observation suggests that the reported values of

average shear stresses are lower than the actual shear stresses that were reached.

ANALYTICAL MODEL
The hollowcore slabs are modeled as rigid elements. Two continuous spring systems were used
to simulate the stiffness of the interface layer as illustrated in Fig. 8. Similar modeling technique

was used by El Damatty and Abushagur7 while modeling the adhesive attaching FRP sheets to
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steel I beams. The first set of springs depicts the in-plane stiffness &y in the direction of the
applied load (parallel to the X axis). They allow modeling the horizontal shear stress behavior.
The out-of-plane stiffness k, models the peel behavior using another set of springs that are
parallel to the Z axis. The shear stress profile v (x) acting along the interface between the
hollowcore slab and the concrete topping can be calculated using Eq. 1, where u(x) is the in-
plane displacement profile of the concrete topping along the X axis.

VR () = K X U et e (1)
In the following sections, in-plane and out-of-plane equilibrium analysis are conducted on an
infinitesimal segment of the concrete topping “element T” to evaluate the shear and peel

stiffnesses ks and k.

In-Plane Equilibrium

When the hollowcore slab is pushed downward by the applied force P, an equivalent reaction
force P; is generated in the concrete topping as shown in Fig. 9. The resultant of the developed
axial stresses in the concrete topping, o, is acting at its centroid. o has a value of zero at the top

point of the topping (x = 0) and a maximum value at the bottom point (x = 508 mm).

Considering the in-plane equilibrium of an infinitesimal element T, the increase in axial stresses
do is in equilibrium with the developed shear stresses at the interface. The force in the in-plane
spring, Fj, represents the shear force along the interface between the hollowcore slab and the
concrete topping. This force can be calculated from the summation of forces along the X axis as
given by Eq. 2. F; can also be calculated as a function of the shear spring stiffness as given by

Eq. 3.
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The relationship between ¢ and the in-plane displacement u(x) can be obtained from Egs. 2 and 3

and Hook’s Law as illustrated in Eqs. 4 and 5.

O O X (4)
dx
du
O = E X
7 dx
)

where (du/dx) is the strain in the concrete topping, and E. is the modulus of elasticity of

concrete. Since the concrete topping is made of normal density concrete and have a compressive
strength £’ of 30 MPa, E. is calculated using clause 8.6.2.3 of CSA A23.3-4!. The differential

equation that governs the state of stresses in the concrete topping is:

2
in‘ C@MX) =0 oo (6)
where o’ =£ ks J ............................................................................................
(E,
(7

Eq. 6 is a second order differential equation and can be solved by defining the following

boundary conditions:

du

(1HAtx=0->—=0 (strain = 0)
dx
P
R2)Atx=L—> du__ L (strain from Hook’s Law)
d. btE

c
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Solving Eq. 6 using the defined boundary conditions leads to the following in-plane

displacement profile.

5
u(x)=- biE, wsinh(oL) COSI(@X) o (8)

The relationship between the load P; and the measured displacement at the bottom surface of the
concrete topping when x is equal to L can be expressed by Eq. 9.

P =—DtE @tanh(WL)U(L) . ..oovoneie i 9)

where u(L) is the average in-plane displacement measured using LVDTs L3 and L4.

The measured P; - u(x) is simplified to a bilinear curve as shown in Fig 10. The slope ks was
obtained such that areas A1 and A2 are equal. The coordinates of points C for all specimens are

reported in Table 2 and were used to define P;and u(L) and then evaluate @ using Eq. 9.

Maximum Shear Stress (Vi max)

The in-plane displacement distribution along the X axis of the concrete topping can be obtained
using Eq. 8. The horizontal shear stress distribution, v, can be then evaluated using Eq. 1. Fig.
11 illustrates the horizontal shear stress distribution along the X axis. Fig. 12 compares the
calculated horizontal shear stress profile for slab B1 and the average measured horizontal shear
stress at failure. The actual horizontal shear profile shows a concentration of the shear stresses
near the applied load P.. This observation indicates that the tested slabs sustained higher stresses
than the average value. Table 1 shows the average and the calculated horizontal shear stress

values at yielding. For all of the tested slabs, the shear strength at the interface between the

10
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hollowcore slabs and the concrete topping reached values that are much higher than the values

specified in North American design standards.

Out-of-Plane Equilibrium

Fig. 9 illustrates the forces and stresses acting on element T in the out-of-plane direction. The
external applied moment, m(x), results from the eccentric force in the shear spring, F, and can be
found by multiplying the force Fi by half the thickness of the concrete topping. The applied

moment, m(x), can be defined using Eq. 10.
m(x) =k, %u(x) ......................................................................................... (10)

The force, F), is developed in the out-of-plane springs as a result of the applied moment m(x) and
is responsible for the peel behavior of the concrete topping. F, can be calculated from the
equilibrium of forces along the Z axis and the equilibrium of the external and the internal

moments acting on the element, Eqgs. 11 and 12.

C;—Z:—kpbw(x) ........................................................................................... (11)
dﬂ: 0 7 TP (12)
dx

Utilizing the moment-curvature relationship, Eq. 13, the differential equation governing the peel

behavior, Eq. 14, can be derived.

M(x) :Eldzzv(x) ........................................................................................ (13)
dx
d () + A w(x) :Ld_m

dx* El dx 11
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The homogenous and particular solutions of Eq. 14 are given by Eq. 15.

w(x) = Acos(Ax)cosh(Ax) + B cos(Ax)sinh(Ax)
+ Csin(Ax) cosh(Ax) + D sin(Ax) sinh(Ax) cos(Ax) — F sinh( ax)

Pk,
E’Isinh(aL)(A +o’)

where F=

(15b)
The constants B and D can be determined by applying the following boundary conditions at the

free end of the concrete topping (x = 0).

d*w _
(1) e =0 M=0).
d’w B
2) o =0 (V=0).

Substituting with the evaluated constants, Eq. 15 reduces to the following form:
w(x) = Acos(Ax) cosh(Ax) + C[cos(Ax) sinh(Ax) + sin(Ax) cosh(Ax)]

; %% cos(/x)sinh(Ax) + F sinh(ax)

Eq. 16 represents the calculated out-of-plane displacement profile of the concrete topping, w(x),
and contains three unknowns 4, C and A. The load and displacement defining point C in Fig. 10

and the corresponding strains (point D in Fig. 13) are used to evaluate these constants as follows:

12
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The values of (du/dx), ., Fig. 14, are evaluated at the locations of S1, S3 and S5 by

mid °
differentiating Eq. 8.
Readings of S1, S3, and S5 represent the measured strain at the surface of the concrete

topping, (du/dx) Fig. 14.

outer 2

(du / dx )ypqe 18 €valuated at the locations of S1, S3, and S5 using Eq. 17.

(i) an
) () (8]

The curvature of the concrete topping at the locations of S1, S3 and S5 is evaluated using

Eq. 18.

d*w 2( du
(dxzj __7(Ej BT TR (18)

The cubic function that best fits the calculated curvature in step 4 is then evaluated. Fig.

15 shows a typical cubic function.

The out-of-plane measured displacement profile w(x)» was obtained by double
integration of Eq. 18. The two integration constants were then evaluated using the out-of-
plane displacement readings from LVDTs L1 and L2.

Nonlinear regression analysis was conducted to match the calculated out-of-plane
displacement profile w(x) with the displacement profile w(x)» evaluated in step 6. This

analysis allowed determining constants 4, C and A.

Shear and Peel Stiffnesses
The peel stiffness &, is calculated using Eq. 14b by substituting with the value of A. The out-of-

plane profile, w(x), is shown in Fig. 16 for all tested slabs. The shear stiffness ks is calculated

13
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using Eq. 7. Table 3 presents the calculated shear and peel stiffnesses for all slab specimens. &, is
considerably smaller than k; for all slabs. Average shear stiffnesses (k) of 50.8 (N/mm)/mm? and
6.8 (N/mm)/mm? and peel stiffnesses (k,) of 7.2 (N/mm)/mm? and 2.0 (N/mm)/mm? were
calculated for slabs from manufacturer A and B, respectively. Manufacturers A and B can use

these values to predict the composite behavior of their hollowcore slabs.

SUMMARY AND CONCLUSIONS

Push-off tests that examine the shear and peel behavior at the interface between four hollowcore
slabs and their concrete topping were presented in this paper. All of the slabs had a lightly-
roughened surface finish using a conventional steel broom and achieved slightly higher average
shear stresses than required by the North American design standards. Comparing the average
shear results indicated that the shear strength considerably varies between hollowcore slabs from
different manufacturers. An analytical model that simulates the interface between the hollowcore
slab and the concrete topping using continuous springs was utilized. The springs depicted the
interfacial shear and peel behaviors. The actual shear stresses were evaluated using the analytical
model and found to be higher than the average measured values for all of the tested slabs. The
actual values are much higher than the specified code limits. The shear and peel stiffnesses, &
and k,, of the interface between hollowcore slabs and concrete topping were then estimated using
the presented analytical model. The reported ks and k&, values are unique for the tested slabs. The
presented method can be repeated to evaluate these stiffnesses for slabs from different
manufacturers. Structural engineers can then use ks and k, values to evaluate the actual shear
stresses developed at the interface between hollowcore slabs and their concrete topping and

judge on the appropriateness of using the composite action.
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NOTATIONS

b: width of the concrete topping in the push-off tests, 508 mm

E.: modulus of elasticity of concrete

f’e: concrete compressive strength

F;: in-plane force on element T in the X direction

F: out-of-plane force on element T

kp: peel stiffness at the interface between the hollowcore slab and the concrete topping
ks: shear stiffness at the interface between the hollowcore slab and the concrete topping
ksm: slope of the measured load-displacement graph

L: length of the concrete topping in the push-off tests, 508 mm

M: internal moment in the concrete topping

m(x): external applied moment on the concrete topping

Pc: load applied on the hollowcore slab using the hydraulic actuator during the push-off test
P;: load at the end of the linear stage, determined from the load-strain graphs

P;: reaction on the concrete topping during the push-off tests

t: concrete topping thickness in the push-off tests, 50 mm

u(x): in-plane displacement profile along the axis X

V: internal shear force in the concrete topping

w(x): calculated out-of-plane displacement profile of the concrete topping

w(x)m: measured out-of-plane displacement profile of the concrete topping

vi: shear stress

Vi avg.: average measured shear stress

Vi max: Maximum shear stress calculated using the analytical model
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Table 1: Push-off test results

Specimen  Failure load, Measured average shear Calculated yielding

Label kN strength, v 4., horizontal shear stress,
MPa Vi max., MPa

Al 504 1.95 6.19

A2 554 2.15 7.24

B1 223 0.86 1.24

B2 182 0.71 1.01

19



366  Table 2: Values of P; and u(L) at the yielding points, C

Slab label Py, kKN u(L), mm
Al 504 0.130
A2 554 0.134
B1 223 0.184
B2 182 0.148

367
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368 Table 3: Shear and Peel stiffhesses

Specimen  Horizontal shear stiffness k;, (N/mm)/mm?  Peel stiffness k,, (N/mm)/mm?

Label

Al 47.60 3.82
A2 54.00 2.96
B1 6.72 0.80
B2 6.85 1.06

369
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379  Fig. 1: Lightly roughened hollowcore slabs,
380  a. Roughening method, b. Manufacturer A pattern, c. Manufacturer B pattern
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383  Fig. 2: 50 mm cubes for compressive strength test
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Fig. 3: Concrete topping

a. Formwork of concrete topping

b. Casting of concrete topping
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