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Horizontal shear transfer across a roughened surface
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Abstract

A total of 90 concrete composite members were tested to determine the horizontal shear strength along the interface of a
roughened surface. The “push-off” method of testing was implemented to determine the capacity. It was ascertained that the
roughness of the surface had a profound effect on the shear capacity and is a far better indicator of strength than the compressive
strength of the concrete. Design curves are provided based on the surface roughness and the compressive strength of the in situ
concrete. In addition, six beams were bent in flexure until horizontal shear failure occurred. The results of these tests are compared

with specifications of various codes.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In South Africa, a large portion of the domestic and
light industrial floor slab market comprises of a slab
system referred to as rib and block floor slabs. The floor
system is a concrete composite with non-structural
hollow blocks used to create voids. The end product is a
one-way spanning trough slab. A typical cross-section is
illustrated in Fig. 1. The interface between the precast
rib and in situ concrete transfer the horizontal shear by a
roughened surface or by shear steel. The shear steel is
typically in the form of a loop which projects across the
shear interface. However, in many of the rib and block
floor systems, shear steel is generally only used when the
horizontal shear is excessive. In the majority of designs,
the horizontal shear is transferred by roughening the
surface which is considered to be the most economical
solution.

Codes of practice, such as ACI 318 [1], BS 8110 [2],
Eurocode 2 (draft) [3], and SABS 0100 [4], specify the
horizontal shear strength which is based on two funda-
mental parameters—the surface quality or profile (i.e.,
roughness or if free of laitance) and the quantity of shear
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steel. A comparison of the codes cited above is given in
Table 1 which indicates a lack of congruency. ACI 318
specifies two categories of roughness, but no concrete
compressive strength is specified for the given capacities
(the horizontal shear capacity is assumed to be the same
regardless of the concrete compressive strength). On the
other hand, BS 8110, Eurocode 2 and SABS 0100 ex-
press the shear capacity as a function of the compressive
strength. Another significant difference is the categoriz-
ing of degrees of roughness. BS 8110 merely states the
type of instrument used to create the roughness whereas
the Eurocode assigns measurable properties (i.e., 3 mm
for rough surfaces and 5 mm or greater for indented
surfaces). As one compares these codes several questions
arise:

e Is the horizontal shear capacity related to the com-
pressive strength of the concrete? The ACI 318 ap-
proach infers that it is not by omitting strength,
even a minimum concrete compressive strength.

e Can the degree of roughness be specified by merely
stating the instrument used to create the roughness
(i.e., brushed or raked) or is it necessary to specify
an actual measurement of roughness?

e A lack of agreement between the codes has led to the
question, what is the horizontal shear capacity for a
given concrete strength or surface condition?
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Fig. 1. Typical cross-section of a rib and block floor system.

Precast member

Table 1
Comparison of horizontal shear strengths of various codes
Code Roughness Concrete
strength* (MPa)
25 30

ACI 31895 Clean, free of laitance and in- 0.55° 0.55°
tentionally roughened
Clean, free of laitance and in- 1.79° 1.790
tentionally roughened to a full
amplitude of 1/4 in. (6.4 mm)

Eurocode 2 Very smooth interfaces 0.08 0.09
(draft)
Smooth interfaces (slip-formed  0.22 0.27
or extruded)
Rough interfaces (3 mm rough-  0.41 0.51
ness)
Indented interfaces (5 mm 0.45 0.54
roughness)
BS 8110 &  As-cast or as-extruded 0.40 0.55
SABS 0100
Brushed, screeded or rough- 0.60 0.65
tamped

#Cube strength.
®The horizontal shear capacity is only a function of the roughness.

To answer the above questions, a total of 90 hori-
zontal shear tests were performed. The majority of these
tests constituted a study of shear transfer by varying
the degree of roughness and the concrete compressive
strength. Similar studies have been done by Bass et al.
[5], Ali and White [6] and others [7].

2. Description of test rig, test specimens and concrete mix
2.1. Test rig

A composite member is designed to act monolithi-
cally. Nevertheless, as the member is bent in flexure, the
precast member and in situ concrete tend to slide relative
to each other as illustrated in Fig. 2. The horizontal
shear between the two materials is resisted by the shear
capacity of the interface. It is common to model the
horizontal shear by the “push-off”” test method [8,9]. A
schematic figure of the test rig is given in Fig. 3. As il-

%uuu,

Fig. 2. Horizontal shear along the interface of a composite member
bent in flexure.
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Fig. 3. Schematic of the push-off test rig.

lustrated, the precast member is braced and the in situ
concrete is pushed by a ramping load until shear failure
occurs. A roller support is placed on top of the specimen
to prevent instabilities inherent in the test. Since the
interface lacks reinforcement, failure is dramatic and
well defined.

2.2. Test specimens

The precast members (ribs) were obtained from five
manufacturers located throughout South Africa. The
number and variety of test specimens are intended to
give diversity to the possible configurations of surface
conditions and therefore give credence to the experi-
mental program. The basic dimensions of the test
specimens are given in Fig. 4 and details are listed in
Table 2. The overall depth and length of each specimen
was kept constant at 210 and 750 mm, respectively. The
width and depth of the precast members varied de-
pending upon the supplier (115-250 mm).

It is customary in South Africa to provide wire loops
which are placed perpendicular to the interface and
spaced at about 1000 mm centers. The loops are non-
structural; the purpose is to assist in transportation
and placement of the precast members. The wires are
typically 4 mm in diameter, made of mild steel and
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Fig. 4. Basic dimensions of the composite members.
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Table 2
Contact dimensions, surface roughness, steel, concrete strengths and failure load

Test Contact width Contact length ~ Depth of in situ Concrete cube Interface steel loops Roughness Failure
specimen (mm) (mm) concrete (mm) strength (MPa) (%) R, (mm) load (kN)
A-1 151 753 149 In situ: 0.06 0.94 119
A-2 150 754 149 22.8 78
A-3 151 752 152 117
A-4 150 751 150 Precast: 141
A-5 150 751 149 41.7 89
A-6 153 755 148 100
B-1 152 751 150 In situ: 0.00 0.94 72
B-2 152 750 150 22.8 123
B-3 152 750 148 103
B-4 155 752 151 Precast: 148
B-5 151 753 150 41.7 127
B-6 153 750 150 127
C-1 150 752 154 In situ: 0.06 4.02 108
C-2 151 755 159 25.5 155
C-3 150 750 155 158
C-4 152 750 146 Precast: 220
C-5 149 749 148 41.7 146
C-6 150 748 151 219
D-1 155 751 149 In situ: 0.06 0.94 144
D-2 156 750 149 314 149
D-3 155 751 150 109
D-4 156 753 150 Precast: 135
D-5 155 749 151 41.7 129
D-6 156 753 151 148
E-1 151 752 154 In situ: 0.06 4.02 171
E-2 149 754 156 29.2 176
E-3 150 748 156 190
E-4 150 751 155 Precast: 135
E-5 149 752 154 41.7 194
E-6 149 751 156 193
F-1 150 753 148 In situ: 0.07 3.82 172
F-2 150 753 151 23.9 167
F-3 154 752 147 125
F-4 153 754 150 Precast: 173
F-5 150 750 147 31.5 148
F-6 151 750 150 177
G-1 151 752 145 In situ: 0.07 3.82 173
G-2 155 754 151 30.5 174
G-3 150 756 147 171
G-4 151 752 150 Precast: 175
G-5 155 753 145 31.5 175
G-6 150 753 146 177
H-1 160 751 151 In situ: 0.02 3.09 172
H-2 162 753 151 26.4 153
H-3 160 753 150 144
H-4 165 752 150 Precast: 145
H-5 162 750 148 56.2 147
H-6 162 752 150 174
I-1 115 752 152 In situ: 0.02 3.46 160
1-2 118 751 151 253 139
1-3 115 754 152 130
1-4 115 754 152 Precast: 174
1-5 114 755 151 56.2 176
1-6 115 755 155 136
J-1 162 753 148 In situ: 0.02 3.09 172
J-2 162 754 149 30.1 155

(continued on next page)
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Table 2 (continued)

Test Contact width Contact length ~ Depth of in situ Concrete cube Interface steel loops Roughness Failure
specimen (mm) (mm) concrete (mm) strength (MPa) (%) R, (mm) load (kN)
J-3 165 754 151 169
J-4 164 752 149 Precast: 154
J-5 163 752 149 56.2 139
J-6 163 752 151 153
K-1 119 750 149 In situ: 0.02 4.22 174
K-2 121 751 147 29.9 168
K-3 118 749 150 173
K-4 115 750 152 Precast: 177
K-5 120 755 151 56.2 135
K-6 124 753 147 165
L-1 153 754 152 In situ: 0.02 3.41 181
L-2 154 752 151 24.4 181
L-3 152 750 153 189
L-4 150 754 150 Precast: 185
L-5 150 752 154 33.9 189
L-6 151 754 155 188
M-1 150 755 150 In situ: 0.02 3.41 179
M-2 154 752 150 29.6 164
M-3 155 754 151 201
M-4 160 755 149 Precast: 179
M-5 152 753 152 33.9 178
M-6 154 751 150 154
N-1 248 749 153 In situ: 0.10 0.89 175
N-2 251 751 151 24.7 140
N-3 252 751 154 179
N-4 254 750 151 Precast: 175
N-5 250 751 153 454 179
N-6 250 750 152 167
O-1 252 750 144 In situ: 0.10 0.89 149
0-2 182 753 162 28.3 70
0-3 175 752 155 120
0-4 178 754 153 Precast: 120
0-5 178 754 140 454 125
0-6 253 751 142 177

embedded ~100 mm into the precast member. The ma-
jority of the specimens have one loop across the inter-
face. Although the experimental program is a study of
horizontal shear resisted entirely by surface roughness,
the wire loops were left in place for safety reasons and to
protect the testing equipment. The total steel across any
interface did not exceed 0.07% and the embedment of
the steel was insufficient to contribute to the shear re-
sistance. This was confirmed by a comparison of 12 tests
(not recorded here) to determine the effect of the wire
loops. The tests indicated that the loops made no con-
tribution to the resistance of shear.

The roughened surface, of each specimen, was formed
by means of a stiff wire brush or a rake. The pressure
applied by each of these instruments varied from one
manufacturer to another; thus, different roughness am-
plitudes are recorded. In all of the specimens, the
wavelength (spacing of the surface undulations) width
did not exceed 20 mm and the direction of lay is per-

pendicular to the direction of the shearing force as well
as the length of the specimen.

The roughness values listed in Table 2 are based on
procedures suggested by BS 1134 [10]. Although this
code appears to be focused on materials in which the
surface undulations are significantly smaller than those
of roughened concrete, the procedures are relevant to
any textured surface. Theodossius et al. [11] adapted BS
1134 to determine the roughness of concrete subjected to
frictional forces. The only deviation from the original
code is the sampling length. Theodossius profiled the
surface based on a sampling length of 200 mm. The
roughness of the tests presented here are similarly based
on a sampling length of 200 mm. However, the number
of readings increases from a code recommendation of
10 to a maximum of 30 (depending on the irregularity of
the surface and spacing of the peaks). A graphical rep-
resentation of the measurements is given in Fig. 5. A
micrometer was the instrument used to make these
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Baseline

Sampling length

Fig. 5. Graphical representation of roughness measurements.

measurements. The roughness (R.) is calculated as the
difference between the average height of the peaks and
the average height of the valleys from an arbitrary
baseline.

The concrete strengths listed in Table 2 are cube
compressive strengths (i.e., measurements on 100 mm X
100 mm x 100 mm cubes). The mix design of the in situ
concrete is given below. The masses are dry weights in
kilograms per cubic metre of concrete. The mix is for a
concrete strength of 40 MPa at 28 days; however, the
samples were tested at an earlier date when the concrete
reached the test strength of ~25 or 30 MPa (measured
on cubes).

Cement OPC 42.5 375 kg
Filler sand (FM = 1.64) 125 kg
Crusher sand (FM = 2.98) 765 kg
Stone (16-22 mm, average = 19 mm) 900 kg
Admixture 1310 ml
Water 2081

(FM = fineness modulus)

3. Test results

The failure load of each of the tests are included in
Table 2. The horizontal shear stress is determined by
dividing the failure load by the contact area. It is tra-
ditional to express the horizontal shear capacity in terms
of the concrete compressive strength. Fig. 6 illustrates
the relationship between these two parameters. The re-
gression curve is given in Eq. (1).

vy = 0.0286f, + 0.5701 (1)

where vy, is the shear capacity determined from a re-
gression analysis and f;, is the concrete compressive
strength of the in situ concrete, both in MPa. The re-
gression curve was dropped to the 95% one-sided con-
fidence interval according to the statistical procedures
outlined in BS 2846 [12] to obtain the design curve given
in Eq. (2).

vha = (00286, — 0.0544) /7, (2)

where vpq is the design horizontal shear capacity in MPa
and y,, is a material or safety factor applied according to
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Fig. 6. Horizontal shear strength versus concrete strength.

the relevant code (e.g., BS 8110 and SABS 0100 specify
a material factor of 1.4 for shear). The design curve in
Fig. 6 is illustrated with a material factor equal to one.

The scatter of data (Fig. 6) is so broad that any trend
or correlation is hardly distinguishable. In fact, it is
evident that an attempt to establish a correlation be-
tween the horizontal shear and the concrete compressive
strength is questionable. If all of the specimens tested
were from a single manufacturer or if a similar surface
profile was used the correlation would be significantly
better, but the results would be limited in application.
Testing a wide range of surface profiles is seen as es-
sential to obtain horizontal shear strengths that are
relevant to industry and a host of possible surface tex-
tures. It is therefore apparent that other parameters,
which influence the horizontal shear, should be consid-
ered.

In Fig. 7, the horizontal shear strength is expressed in
terms of the surface roughness. By inspection, the scat-
ter is far more compact indicating a somewhat better
correlation with surface roughness than with the

Horizontal Shear Strength (MPa)

0 1 2 3 4 5
Roughness (mm)

Fig. 7. Horizontal shear strength versus roughness.
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compressive strength of the concrete. The regression
curve is given in Eq. (3).

vy = 0.2090R;, + 0.7719 (3)

where R, is the surface roughness in mm.

Similarly, the regression curve is dropped to the 95%
one-sided confidence interval. The design equation is
given in Eq. (4).

vpa = (0.2090R. + 0.3762) /7,, )

Upon close inspection of Egs. (3) and (4), for every
millimeter change in roughness, the shear capacity
changes by 0.2 MPa. The change in shear capacity is
significant and therefore underscores the necessity to
specify the degree of roughness. Merely stating the in-
strument (e.g., brush or rake) by which the undulations
are formed is not sufficient. The roughness of a brushed
or raked surface can vary significantly according to the
amount of pressure applied to the instrument. In a few
of the specimens tested the surface was brushed, but the
roughness did not exceed 1 mm. In these cases, although
compliant with BS 8110 and SABS 0100, the actual
shear capacity fell below the recommended shear
strength for a brushed surface. To avoid this problem, a
measurement of roughness should be specified.

4. Test results compared with code specified shear
strengths

An attempt is made to compare the test results with
various codes of practice. This comparison is given in
Table 3. In constructing this table, the difficulty lies in
determining the degree of roughness for various speci-
fications. For example, the ACI merely states that the
surface is clean, free of laitance and intentionally
roughened—no actual measurements of surface rough-
ness is stated. Similar problems exist with Eurocode 2,
BS 8110 and SABS 0100. Several assumptions were
therefore required.

The comparison indicates that Eurocode 2 is signifi-
cantly more conservative than the other codes. The ACI

Table 3
Test results compared with various codes of practice (minimum con-
crete strength 25 MPa)

Code As cast, slip Intentionally Rough sur-
formed or ex- roughened by a face (assume
truded (assume  brush or rake a maximum
a maximum of  (assume a max- of 5 mm
1 mm rough- imum of 3 mm  roughness)
ness) roughness)

ACI 318 - 0.55 1.79

Eurocode 2 0.22 0.41 0.45

BS 8110 & 0.40 0.60 -

SABS 0100

Design Eq. (4) 0.59 1.00 1.42

specification is the only code that allows a higher value
than those determined from experimentation for very
rough surfaces. However, when comparing the experi-
mental design curve with the various design codes, it
should be noted that the design curve was not reduced
by any safety or material factors that are commonly
applied in many codes of practice; this will effectively
reduce the design values determined in Eq. (4).

5. Comparison of test data with test beams bent in flexure

Six additional beams were tested in flexure. These
beams were loaded gradually until horizontal shear
failure occurred. The results are compared with the
horizontal shear strengths determined from the push-off
tests. The basic configuration of the test beams is given
in Fig. 8. The average contact width, the span of the
beam and the average surface roughness of the interface
measured 100, 950 and 0.94 mm respectively. The con-
tact interface was reduced by 50 mm by wedge-shaped
formers. Four equally spaced point loads were applied
to each beam to simulate a uniformly distributed load.
The concrete compressive strengths and failure loads are
given in Table 4.

Elastic equations are used to estimate the horizontal
shear stress at failure. Elastic equations are by no means
an exact representation but are the simplest and the
most practical method for estimating the horizontal
shear [13]. Eurocode 2 gives the following equation to
determine the horizontal shear stress:

VeaiS  Veai
Ugdi = < 5
BT TR T bd )
o In-situ concrete
o ¥ /Precast member
Q 1 ..
Vg
S, 2 950 JAN
LY Ll |
Fig. 8. Test beams bent in flexure.
Table 4

Concrete strengths and failure loads of beams bent in flexure

Beam Concrete cube strength (MPa) Failure load (kN)
P-1 In situ: 31.0 110

P-2 Precast: 42.7 94

P-3 In situ: 16.6 60

P-4 Precast: 42.7 45

P-5 In situ: 20.8 75

P-6 Precast: 42.7 94
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Table 5

Theoretical predictions of horizontal shear compared with experimentation

7
Beam Eurocode 2 %}S

Eurocode 2 %
uncracked I (Mpa)

uncracked / (Mpa) (Mpa)

BS8110 & SABS 0100 2

Eurocode 2 & ACI 318 %
uncracked 7 (Mpa)

Experimentation
Eq. (3) (MPa)

P-1 3.33 3.17 5.48
P-2 2.84 2.71 5.48
P-3 1.84 1.67 2.35
P-4 1.40 1.33 6.26
P-5 2.29 2.09 2.35
P-6 2.87 2.62 2.35

2.96 0.97
2.53 0.97
1.59 0.97
1.23 0.97
1.99 0.97
2.49 0.97

where Vgg 1s the vertical shear force, S is the first mo-
ment of area, b; is the contact width, I is the moment
of inertia and d is the effective depth. As indicated by
Eq. (5), the limiting stress is the average vertical stress
over the cross-section of the member; the ACI specifi-
cation corresponds with this expression.

BS 8110 and SABS 0100 endorse an equation based
on ultimate limit state theory:

_ 2f A
o bly,, (6)

Un

where v, is the horizontal shear stress, fy is the yield
stress of the steel, A; is area of reinforcing or prestressing
steel, b is the width of the contact area, / is the span
length and y,, is a material factor.

Egs. (5) and (6) are given in Table 5 along with the
experimental predictions. The intension of this table is
to examine how close the experimental values (deter-
mined from push-off test) represent actual shear failures
in beams bent in flexure. In every case, the prediction is
conservative.

6. Conclusions

As illustrated in Fig. 6, the scatter of data is broad
and a poor correlation exists between the horizontal
shear strength and the compressive strength of the
concrete. It is therefore not advisable to specify the
horizontal shear strength as a function of the concrete
compressive strength. However, the regression analysis
does indicate an upward trend in capacity as the con-
crete strength is increased. Although the influence of the
concrete strength may be less pronounced (compared to
other factors), the compressive strength does influence
the shear strength and therefore at least a minimum
compressive strength should be specified.

Specifying a roughness by merely stating the instru-
ment used to create the undulations is not sufficient; an
actual measurement of roughness should be specified. A
brush or rake can produce a vast range of roughness
values depending on the stiffness of the instrument, the
amount of pressure applied and the viscosity or age of

the mix. Fig. 7 clearly indicates a significant increase in
the shear capacity as the roughness increases.

Design equations are provided In most cases, the
experimental equation (Eq. (4)) give a higher shear
strength than the codes cited—Greater economy in de-
sign can therefore be achieved. However, no safety or
material factors were applied to Eq. (4). In many codes
of practice, the application of safety and material factors
are common. Given the degree of scatter (see Fig. 7), a
safety or material factor would be justified.
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