


and Hofbeck et al.,* a new concept called “shear-friction” was
introduced into the ACI Code in 1970. Saemann and Washa’
and Nosseir and Murtha' studied the interface shear strength
of composite beams to some extent. However, no other sig-
nificant or systematic evaluation of horizontal shear strength
appears to have been made thereafter.

We believe that the study presented here will provide new
insight into the behavior of “rough” joints in composite con-
crete beams and their capacity to develop interface shear for
a wide range of steel ratios.

PREVIOUS RESEARCH

In earlier studies, the shear strength of a joint was as-
sumed to vary directly with the amount of reinforcing steel
crossing it. However, parabolic equations for shear transfer
strength were suggested as early as 1968 by Birkeland'' and
later by Raths” and Loov.” Based on a report by Shaikh,"
PCI* adopted a procedure which indirectly uses a parabolic
equation. Walraven et al.”* did an extensive statistical analy-
sis on most of the data available from push-off tests and
suggested an equation which provides a good fit but is not
convenient for use in a design office. In their discussion of
this paper, Mau and Hsu suggested a simpler design equa-
tion.'* A detailed literature review of the subject can be
found in Patnaik’s Ph.D. thesis."”

Some equations applicable for reinforcement crossing
perpendicular to the interface are given here. More than 30
shear-friction equations have been proposed by various re-
searchers; therefore, symbols have been modified for con-
sistency. The term p, f, is referred to as the clamping stress.

Linear Shear-Friction Equation

This equation was first introduced in 1958 by Mast® and
was later developed further by Birkeland, Anderson' and
their co-workers:

Vo= pufy il (D

where p is the coefficient of friction.
The equation is simple but is very conservative for low
clamping stresses and unsafe for high clamping stresses.

Birkeland’s Equation

_Birkeland" was the first to introduce a parabolic function
for the shear strength along a joint:

v, =2.78,p,f, (MPa)

: 2
v, =33.5,/p,f, (sD )

Shaikh’s Equation

Shaikh," in his proposed revisions to shear-friction provi-
sions, suggested an equation which can be rearranged as:

V= 0P, fylle (32)
in which
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2
i, =597 (vpa)
vu
2
(10002 )
vu

where 1.04 has been substituted for ¢ and A is a constant
used to account for the effect of concrete density.

A = 1.0 for normal weight concrete

A = 0.85 for sand-lightweight concrete

A =0.75 for all-lightweight concrete

The design requirements of the PCI'* are based on this
equation. If these two equations are combined, a parabolic
equation for v, with respect to the clamping force is obtained:

— 12 2 \
v, =A./6.9¢p,f, <0.25f’A* and 6.91* (MPa) (3b)
v, = A,/10004p, f, <0.25/A* and 1000A* (psi)

where the capacity reduction factor, ¢ = 0.85 for shear.

This equation is similar to Rath’s equation"” and Eq. (2).
Eq. (3) represents the test data more closely than Eq. (1), but
it does not include the effect of concrete strength variations.

Loov’s Equation

Loov" was apparently the first to incorporate the influ-
ence of concrete strength:

v, = kx/Pvfch’ @)

where £ is a constant.

A k of 0.5 was suggested for initially uncracked shear in-
terfaces. For f’ = 30.9 MPa (4480 psi), this equation is the
same as Eq. (2). One advantage of this equation is that any
consistent system of units can be used without changes.

Walraven’s Equation

A statistical analysis was conducted by Walraven et al.'
on the results of 88 push-off tests. The following equation
was suggested for a precracked shear interface:

vy = C(p,f,)% (MPa)
v, = C5(0.007p, £,)°s (psi)

if f] is assumed to be equal to 0.85 of the compressive
strength of 150 mm (6 in.) cubes:

&)

C, = 0.878 f;0%s and
Cy=16.8 f04s and

C, = 0.167 f;°

C, =0.0371 f;°*
Based on this equation, for f = 30 MPa or 4350 psi, the

shear is roughly proportional to f; to the power 0.4 and the
clamping stress to the power 0.47.

Mattock’s Equation

In his discussion of the paper by Walraven et al., Mattock
added the effect of concrete strength into his previous equa-
tion" and reintroduced it as:
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made to transfer that force as horizontal shear to the sup-
porting element.” This relationship can be expressed as:

C
_ 8
U bl ®

v
where C is the total compression in the flange and ¢, is the
length over which horizontal shear is to be transferred.

The ultimate condition for horizontal shear cannot be
achieved unless slip occurs between the precast and cast-in-
place parts of a beam. The validity of the analysis of a com-
posite concrete section using the procedures for a normal
concrete section is somewhat questionable after slip has oc-
curred. In the closure of their paper, Saemann and Washa®
justify the use of Eq. (7) even after slip has occurred. They
assert that the designs will be safe if shear stresses, evalu-
ated by using the elastic formula with cracked section prop-
erties, are less than the corresponding test strengths deter-
mined using the same procedure.

In contrast to the common use of the entire length of the
shear span for transferring the horizontal shear force, CTA*
recommends that all the compressive force in the flange be
transferred in a length equal to one quarter of the span of the
beam.

By requiring that the horizontal shear strength be greater
than the factored shear force at the section under considera-
tion [see Eq. (17-1) and Section 17.5 where the horizontal
shear is related to b,d], the code implies the following equa-
tion for horizontal shear stresses:

|4
Vun bv d (9)

Egs. (7), (8) and (9) appear to be quite different from one
another and a designer could, understandably, be confused
as to which should be used.

In fact, the three equations are closely related. The terms
VQ/I in Eq. (7) give the rate of change of force in the flange.
In Eq. (8), C/ e, is the average rate of change of force in
the flange between a section with a force C and a section a
distance £, away with zero force in the flange. This is the
same as Eq. (7) for point loads because the shear is constant.
It is unsafe for uniform loading because the shear varies.

Eq. (9) is similar to the others because V = dM/dx is the
rate of change of moment. If the compression zone is en-
tirely within the flange, and the small variation in depth of
the stress block is ignored, then the compression force C
will be equal to M/(d - a/2) and the rate of change of force
in the flange will be V/(d — a/2). Therefore, V,/d in Eq. (9)
is simply a non-conservative simplification of Eq. (7).

TEST PROGRAM

Sixteen composite concrete beams were tested in this
study.

Variables

Two major variables were investigated:
1. The clamping stress was varied while maintaining the
concrete strength at about 35 MPa (5000 psi).
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2. The concrete strength was varied for a fixed clamping
stress of about 0.8 MPa (120 psi).

For the first variable, beams were tested with clamping
stresses of 0.40, 0.77, 1.64, 2.73, 4.36, 6.06 and 7.72 MPa (58,
112, 238, 396, 632, 879 and 1120 psi). The test values cover
the practical range of clamping stresses. To study the effect of
variations in concrete strength, two beams were tested with a
cylinder strength of about 19.4 MPa (2800 psi) and with con-
crete strengths of 44 and 48.3 MPa (6400 and 7000 psi).

Materials

Three different concrete mixes were used. Fine aggregate
was washed local river sand and coarse aggregate was well
graded with a maximum size of 14 mm (0.55 in.). The con-
crete control cylinders and the corresponding test beam
were cured under similar conditions. The concrete strength
£ of the web and the flange concrete was evaluated using
standard cylinders. The modulus of elasticity of concrete
was assumed to be (CAN3-A23.3-M84).*

E, =5000-/f! (MPa)
E,. =60200-/f/ (psi)

The average observed modulus obtained from the con-
crete cylinders was 4100/ f, MPa, or 49400/, psi, which
is considerably less."”

The average yield strength of longitudinal bars and stirrup
steel in different beams is given in Table 1. Steel crossing
the interface in all the beams consisted of #3 (9.5 mm diam-
eter) bars. The modulus of elasticity for the reinforcing steel

or

" was taken as 200 GPa (29000 ksi).

Sizes of Test Beams

Elevation views of the test beams are shown in Fig. 2.
Beams 1 to 8 had flanges for their full length, while Beams
9 to 16 had their flanges discontinued at 1.2 m (3 ft 11 in.)
from the center of the beam. The two different shapes of
cross sections used for the test beams are shown in Fig. 3.
The amount of steel crossing the interface and the width of
the precast concrete girder at the interface (b,) were adjusted
to achieve the desired level of clamping stress. The dimen-
sions for different beams are summarized in Table 1.

Two types of web reinforcement were used for beams
with a 75 mm (3 in.) web width. Stirrups crossing the inter-
face were L-shaped and were provided in pairs. Stirrups
below the interface were U-shaped (see Fig. 3). Closed rect-
aﬁ‘gular stirrups were used for the precast concrete girder of
uniform width. Longer stirrups crossed the interface while
shorter stirrups were within the precast concrete girder. Stir-
rups were well anchored on both sides of the joint so they
were able to reach yield at the interface (Mattock).”

Typical details of beam reinforcement are shown in Fig.
4. Complete details of all test beams are given by Patnaik."”

Joint Preparation

The test specimens were constructed to simulate beams
with a precast concrete girder and a cast-in-place flange.
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4. Slip and stirrup stresses in the test beams were insignif-
icant until the beam attained a horizontal shear stress of
about 1.5 to 2 MPa (220 to 290 psi).

5. Large slips and separation observed in the test beams at
failure support the shear-friction theory, but the use of the
shear-friction theory with steel stresses of f, along with a
limiting slip of 0.13 mm (0.005 in.) is inconsistent because
stirrups do not yield at such a small slip.

6. A slip of 0.5 mm (0.02 in.) can be expected at factored
loads if stirrups are provided as determined using Eq. (12).
Such a slip is likely to yield the stirrups if the yield strength
is less than about 440 MPa (64 ksi).

7. The effectiveness of stirrups is improved when they are
placed further from the center of the span, but stirrups in the
region near the supports are not effective.

8. The flange splitting observed in Beam 12 probably re-
sulted from the lack of horizontal reinforcing steel in the
bottom of the flange. It is possible that this premature failure
has falsely indicated a lower shear strength than the true
limit which could be reached in a properly detailed beam.

RECOMMENDATIONS

1. Investigate horizontal shear stresses only between the
points at a distance equal to the effective depth d from the

edge of the supports.
2. Compute horizontal shear stresses at failure using:

Vun = Vu Qct/(lctbv)

3. Use Eq. (12) as a replacement for the four ACI equa-
tions being used for clamping stresses in the range from 0 to
5.5 MPa (0 to 800 psi).

4. Limit horizontal shear stresses to 0.25 f; unless further
research can verify that top flanges detailed as in Recom-
mendation 5 can support larger stresses.

5. Provide transverse bottom reinforcement in the top
flange unless there is sufficient transverse bending to ensure
a lateral compression sufficient to prevent vertical cracking.

6. For precast concrete girders, use an as-cast top surface
and a concrete mix designed so that, after vibration, coarse
aggregate is firmly imbedded but protrudes from the surface
as illustrated in Fig. 5.

7. Revise ACI 318-92 and ACI 318M-92 in accordance
with the suggestions in Appendix B.
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APPENDIX A — NOTATION

a = depth of equivalent rectangular stress block

A

.Gy
C5.Cy

c

fe

constant in Loov’s concrete stress-strain equation
=1+B+C

area of reinforcement crossing the interface within
a distance s

constant in Loov’s concrete stress-strain equation
width of cross section at contact surface

depth to neutral axis

total compressive force in flange of beam
constant in Loov’s concrete stress-strain equation
=1/n-1)

constants in equation by Walraven et al. in MPa
constants in equation by Walraven et al. in psi
effective depth

modulus of elasticity of concrete

stress in concrete at strain €

compressive strength of weaker of flange or web
concrete

specified yield strength of reinforcement
moment of inertia of entire cross section

moment of inertia of cracked transformed section
constant in parabolic equation

kd = depth to neutral axis in elastic analysis

¢, = length of interface effective in transferring

horizontal shear

M = bending moment at location under consideration

constant in Loov’s concrete stress-strain equation

first moment of area of portion above level under
consideration with respect to neutral axis of section

Q for cracked transformed section
longitudinal spacing of stirrups
shear force at section

shear stress

= horizontal shear stress

nominal shear strength

ultimate shear strength of an interface without
stirrups

factored shear force at section

factored horizontal shear stress

ratio of € and &

stress intensity coefficient

location of the resultant coefficient

= strain

strain in concrete corresponding to peak stress f
correction factor related to concrete density
coefficient of friction

equivalent coefficient of friction in PCI equation
steel ratio = A, /b,s

reinforcement index or reinforcement parameter
externally applied normal stress

capacity reduction factor
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APPENDIX B — SUGGESTED REVISIONS TO ACI CODE

Section 11.1 and Section 17.5 of ACI 318-M92 deal with
design requirements for shear transfer and horizontal shear
in composite concrete beams.

11.0 — Added Notation:

k = factor in shear-friction equations

p, =A,fJA_ is ratio of area of reinforcing steel crossing

shear interface to area of shear interface

11.7 — Shear-Friction

11.7.1 to 11.7.3 No changes

11.7.4 — Shear-friction design method for rough surfaces

Clauses 11.7.4.1 to 11.7.4.3 apply when concrete is
placed monolithically or when concrete is placed against a
rough hardened concrete surface which is clean and free of
laitance with the coarse aggregate protruding but firmly
fixed in the matrix.

11.7.4.1 — When shear-friction reinforcement is perpen-
dicular to the shear plane, shear strength V, shall be com-
puted by:

V, =kA(15+p,1, ) 2 A, (11-263)

where

(@) k = 0.6 for concrete placed monolithically
(b) k = 0.5 for concrete placed against hardened concrete
with a rough surface

f is the specified compressive strength of the concrete
with the lowest strength adjacent to the interface, psi, and
A is 1.0 for normal density concrete, 0.85 for “sand-low-
density” concrete and 0.75 for “all low-density concrete.
Linear interpolation is permitted when partial sand replace-
ment is used.

11.7.4.2 — When shear-friction reinforcement is inclined
to the shear plane such that the shear force produces tension
in shear-friction reinforcement, shear strength V, shall be
computed by:

V, = (o, fycosa; + kA (15+ p, fysine, ) f2)4,  (11-26b)

11.7.4.3 — Shear strength V,, shall not be taken greater
than 0.25 f/ A, nor 1150 A, in pounds, where A, is area of
concrete section resisting shear transfer in square inches.

11.7.5 - Shear-friction design for surfaces which are
not rough

Clauses 11.7.5.1 to 11.7.5.3 apply when concrete is
placed against steel or against concrete which does not con-
form to Clause 11.7.4.

11.7.5.1 ~ When shear-friction reinforcement is perpen-
dicular to the shear plane, shear strength V, shall be com-
puted by:

V, =A,f, 1 (11-27a)

where

(a) 4 = 0.6A for concrete placed against hardened con-
crete, which is clean and free of laitance but not
rough (see Clause 11.7.4)
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(b) u = 0.74 for concrete anchored to as-rolled structural
steel, which is clean and free of paint, by headed
studs or by reinforcing bars

11.7.5.2 — When shear-friction reinforcement is inclined
to the shear plane, such that the shear force produces tension
in shear-friction reinforcement, shear strength V, shall be
computed by:

Va=Ayf, (Usin a; + cos o) (11-27b)

11.7.5.3 - Shear strength V,, shall not be taken greater
than 0.2 f/A_ nor 800 A, in pounds, where A is area of con-
crete section resisting shear transfer.

11.7.6 to 11.7.8 No changes
11.7.9 - 11.7.10 Delete

CHAPTER 17 — COMPOSITE CONCRETE
FLEXURAL MEMBERS

Added Notation

a = depth of equivalent rectangular stress block

f! = specified compressive strength of concrete

I, = moment of inertia of cracked transformed com-
posite section neglecting the area of concrete in
tension

Q. = statical moment of transformed area outside of con-
tact surface about neutral axis of composite section

v, = nominal horizontal shear strength at section

v = horizontal shear stress at section due to factored
loads

17.5 — Horizontal Shear

17.5.1 No changes

17.5.2 — Horizontal shear stress

17.5.2.1 - For prismatic members, except as provided in

Clause 17.5.2.2, the nominal horizontal shear stress along
the interface due to factored loads shall be computed as:

Vile:

Vunh =, 17-1
“= (17-1)
17.5.2.2 - Horizontal shear may be investigated by com-
puting the actual change in compressive or tensile force in
any segment, and provisions made to transfer that force as
horizontal shear to the supporting element. For prismatic
members, when the entire compression force is in the
flange, the horizontal shear stress due to factored loads may

be taken as:

v,

u

Ve =7 N
(4-3)

Note: If shear stress is calculated based on change of
force in any segment, care must be taken to use sufficiently
short segments so that the variation of stress along the beam
is determined.

17-2)
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17.5.2.3 - For bottom supported members, horizontal
shear stresses need be investigated only between points at a
distance equal to the effective depth d from the edge of the
supports of the beam. Stirrups in the end zone shall be at the
same spacing as that required at distance d.

17.5.3 — Horizontal shear strength

Members shall be designed so that ¢ v,,, 2 v,;, where v, is
factored horizontal shear stress at section considered and v,
is nominal horizontal shear strength in accordance with the
following provisions.

17.5.3.1 - When no ties are provided but contact surfaces
are clean, free of laitance and rough, the nominal horizontal
shear strength v,, shall not be greater than 1.84./f/.

[/ is the specified compressive strength of the concrete
with the lowest strength adjacent to the interface.

When the factored horizontal shear stress v,, at the sec-
tion being considered exceeds 1.8¢1N/f—c’ , design for hori-
zontal shear shall be in accordance with Clause 11.7.4.

17.5.3.2 — When minimum ties are provided in accor-
dance with Clause 17.5.4 and contact surfaces are clean and
free of laitance, but not rough (see Clause 11.7.4), horizon-

tal shear strength v,, shall not be taken greater than 80 psi.

When the factored horizontal shear stress v, at the sec-
tion being considered exceeds 80 psi, design for horizontal
shear shall be in accordance with Clause 11.7.5.

17.5.3.3 — Same as current Clause 17.5.4 (except revise
17.6 to 17.5.4)
17.5.4 — Ties for horizontal shear

17.5.4.1 to 17.5.4.3 — Same as current Clauses 17.6.1 to
17.6.3

CONVERSION TO SI UNITS

Section 11.7.4.1 and 11.7.4.2 “15” becomes “0.1” in Eq.
(11-26).

Section 11.7.4.3 “1150 A, in pounds” becomes “8 A, in
newtons” where A, is in mm’.

Section 11.7.5.3 “0.2 f/A_. nor 800 A, in pounds” be-
comes “0.2 /A, nor 5.5 A, in newtons.”
/ﬁ )

Section 17.5.3.1 “1.84-/f/” becomes “0.151/f;.
Section 17.5.3.2 “80 psi” becomes “0.6 MPa.”
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