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I - INTRODUCTION 

1. 1 Background 

A large proportion of connective distress found in precast concrete struc-

tures is centered around shear interfaces associated with corbels, bearing 

shoes, etc. For these concrete to concrete and concrete to steel interfaces, 

as well as along cracks in monolithic concrete, ordinary beam shear and flexure 

analyses do not apply. In such a case, we are concerned with the transfer of 

shear across a specific plane and with shear failure as slippage along the 

plane. This type of behavior is referred to as "shear transfer". 

Situations where shear transfer across a definite plane must be considered 

in the design of precast concrete connections were discussed by Birkeland and 

Birkeland(l) and by Mast(2). t~ast emphasized that dependence should not be 

placed on the tensile strength of concrete when consideiing shear transfer. 

He also pointed out the need to consider the effect on shear transfer behavior 

of a pre-existing crack in the shear plane. Such a crack could occur for a 

variety of reasons unrelated to shear, e.g. due to tension forces caused by 

restraint of long term deformations of concrete. 

Interest in shear transfer across cracks in monolithic reinforced con-

crete has also arisen in connection with the design of reinforced concrete 

secondary containment vessels for nuclear reactors. These containment vessels 

are subjected to pressurization tests before acceptance, which result in cir-

cumfrential and vertical cracks in the wall of the vessel. It is therefore 

necessary to consider the transfer of shear across these cracks, should the 

vessel subsequently be subjected to lateral loads due to earthquake, wind, etc. 

1.2 Previous Research 

A continuing study of the factors affecting shear transfer strength has 

been made over the last decade at the University of Washingto~~ through 9) The 

1 
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most recent previous research on this topic (1972-74), was carried out under 

NSF Grant No. GK-33842X and was concerned with shear planes in monolithically 

cast concrete. Factors affecting shear transfer strength which were examined 

in that study included: 

Aggregate type - normal weight and lightweight. 

Shear transfer reinforcement parameter pfy ' 

The existence of a crack in the shear plane. 

Concrete strength - low, medium and high. 

Tension force across the shear plane. 

Moment across the shear plane. 

Type of loading - single direction and cyclic reversal of loading. 

The various aspects of this prior study have been reported in detail else­

where(6,7,8,9). Based on the conclusions drawn in the study, code clauses for 

design for shear transfer in lightweight concrete (7) and for the design of 

reinforced concY'ete corbel brackets(lO) have been submitted to ACI Committee 

318, Standard Building Code. These proposals are currently being considered 

for inclusion in the ACI "Building Code Requirements for Reinforced Concrete," 

(ACI 318). 

1.3 This Study 

1.3.1 General - The studies previously undertaken have been concerned 

with the transfer of shear across shear planes in monolithically cast concrete. 

The results of those tests relate primarily to the design of precast members 

in the vicinity of connections. 

Another type of problem is that involving transfer of shear across the 

interface between concretes cast at different times. This may be between pre-

cast and cast-in-place concrete in composite precast construction, or at a 

constructi on joi nt in mono 1 ithi c concrete cons truct ion. (Shear transfer type 
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failures of construction joints in shear walls have been observed in earthquakes, 

and engineers have asked whether the "shear friction" provisions of ACI 318-71 

may pl~operly be used to design construction joints against this type of failure.) 

Since the design of concrete to concrete interfaces for shear transfer is a 

frequently occurring problem in precast concrete design, further study of this 

problem, directed toward the development of design recommendations for both 

monotonically increasing and cyclically reversing shear, appeared to be desir-

able. 

The previous shear transfer tests were made using specimens reinforced 

with bars of 3/4 in. diameter or less. Within this range of sizes, it has been 

found that shear transfer strength is only influenced by change in bar size to 

the extent that the reinforcement parameter pfy is changed, i.e. if both bar 

size and spacing are changed so that pfy is not changed," then the shear trans­

fer strength is unchanged. 

Although the bar size range covered by previous tests covers the bar sizes 

used in many situations in precast concrete construction, an increasing number 

of design situations are occurring where it is necessary to use larger bar 

sizes as shear transfer reinforcement. This is occurring in both precast 

concrete construction and cast-in-place concrete construction. An extreme 

case occurs in the design of nuclear reactor containment vessel walls, where 

it has been proposed by some engineers that the "shear friction" design con­

cepts which are based on data from tests of specimens reinforced with relatively 

small sized bars, should be applied to the membrane shear design of a contain­

ment vessel wall reinforced with #14 or #18 rebars. Such extrapolation is 

questionable and could be dangerous. 

The transfer of shear across a crack involves a combination of frictional 

resistance to sliding of one crack face over the other, resistance to shearing 
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off of local "high spots" on the crack faces and dowel action of the reinforcing 

bars. The role of rebar dowel forces in the development of shear transfer 

strength, is analagous to the role of dowel forces in stud shear connector be­

haviour in composite steel and concrete construction. Research(ll) has shown 

that the useful strength of stud shear connectors of diameter greater than about 

1 in. is limited by splitting of the concrete as a result of dowel action, 

rather than by the yield strength of the stud. It was considered possible that 

a similar limitation might be found in the case of large size reinforcing bars 

used as shear transfer reinforcement. It therefore appeared desirable to 

establish the maximum bar diameter for which current shear transfer design 

procedures are valid. 

1.3.2 Scope of Entire Study - Tests are being made of "push-off" type 

specimens and such modified versions of the simple push-off type type of speci­

men as will permit the ~esired loading condition to be imposed on the specimen. 

The following variables are being included in the test program: 

The use of composite or wonolithic specimens. 

The strengths of the concretes cast against one another. 

The condition of the face of the precast concrete against which 

other concrete is cast; i.e., smooth, deliberately roughened, 

bond deliberately broken or not. 

The existence of a crack in the shear plane. 

The shear transfer reinforcement parameter pfy 

The size of rebars used as shear transfer reinforcement. 

The type of loading;- single direction and cyclic reversal of loading. 

1.3.3 This Report - This part of the final project report describes that 

part of the stuJy cOlicerned with shear transfer across interfaces between pre-

cast and cast-in-place concrete, when subject to monotonically increasing shear. 



II - EXPERIMENTAL STUDY 

2. 1 Scope 

The experimental program report 0 d here was designed to study single dir-

ection shear transfer across an interface between concretes cast at different 

times. Variables included in the tests were, 

1. The condition of the fa~e of the precast concrete against which other 

concrete was cast, i.e., whether it was smooth or was deliberately roughened 

to comply with the requirements of Sec. 11.15.7 of ACI 318-71(12). 

2. The existence of bond between the precast and cast-in-place concrete. 

3. The strengths of the concretes, i.e., whether the precast and cast­

in-place concretes have the same or different compressive strengths. 

4. The existence of a crack at the interface. 

5. The shear transfer reinforcement parameter pfy ' 

2.2 The Test Specimens 

The test specimens were of the "push-off" type shown in Fig. 2.1, with a 

shear plane of 50 in~ area. When loaded as indicated by the arrows, shear with-

out moment is produced in the shear plane. The reinforcement crossing the shear 

plane was in the form of closed stirrups. This was to ensure the effective 

anchorage of the reinforcement on both sides of the shear plane. The composite 

specimens were cast in two stages, so as to cause an interface between the two 

concretes to occur in the shear plane. The specimens were cast on their sides, 

so that at the time of casting the shear plane was horizontal. 

Eight series of push-off specimens were tested, as indicated in Table 2.1. 

The variables betvlecn test series are also detailed in Table 2.1. The variable 

within each test series vias the reinforcement parameter pfy ' The size and num­

ber of closed stirrups provided in each specimen are shown in Table 2.3. 

5 
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2.3 Materials and Fabrication 

The specimens VJere made from Type III Portland Cement, sand and 3/4 in. 

maximum size gravel in the proportions shown in Table 2.2. In all cases, water 

was added sufficient to produce a 3 inch slump. The gravel was a glacial 

outwash gravel obtained from a local pit. The concrete was mixed in a 5 cu. 

ft. capacity "Eirich Counter-Current Rapid Mixer" and was compacted in the 

forms using an immersion vibrator. 

The deformed bar reinforcement used conformed to ASTM Specification 615. 

The bars used for the shear transfer reinforcement had a yield point of approx­

imately 50 ksi. The actual yield point was determined for the reinforcement 

used in each specimen. The #6 bar longitudinal reinforcement had a yield point 

of 60 ksi. The stirrups were welded closed on one of the short sides. The 

reinforcement cages were tied with iron wire. 

Reinforcement and concrete properties are shown in Table 2.3. 

The specimens were cast in forms made of cold rolled steel plate. In the 

case of the composite specimens, half of the specimen was initially cast in an 

L shaped forr;l. The surface which was to be in the shear plane in the completed 

specimen was finished in either of two ways; (a) trowelled as smooth as possible, 

or (b) deliberately roughened after having been "struck off" even with the edges 

of the form, so as to comply with the requirements of Sec. 11.15.7 of ACI 318-71. 

(By following this procedure the undulations formed in the interface were uni­

formly distributed on either side of shear plane in the completed specimen.) 

The half specimen was cured under polythene sheets for 3 days. It was then re­

moved from the form. the reinforcement cage was completed, and it was placed 

in a form for a complete specimen. The remaining concrete was cast and the 

specimen was cured under polythene sheets a further 4 days before being re-

moved from the form and tested. 
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In Series B, C and D, in which it was desired to obtain bond between the 

concretes of the two halves of the specimen, the interface was thoroughly wetted 

before the second half of the specimen was cast. In Series E, F, G and H, in 

which it was desired that there be no bond between the concretes of the two 

halves of the specimen, the interface was given a thin coating of bond breaker 

before casting the second half of the specimen. The bond breaker was a mixture 

of soft soap and talc, as used to prevent bond between "match-cast" parts in 

a local precast concrete plant. (By volume, 5 parts Flaxoap: 1 part talc.) 

The specimens of Series A were cast in one piece and were cured in the 

forms under polythene sheets for four days before testing. 

2.4 Testing Arrangements and Instrumentation 

The push-off specimens were tested using a Baldwin hydraulic testing mach­

ine to load the specimen along the shear plane as indicated in Fig. 2.1. The 

actual arrangements for test are shown in Fig. 2.2. The specimen stood on the 

lower platten of the testing machine and was loaded through the spherically 

seated upper platten of the testing machine and a set of parallel plates and 

rollers. The rollers ensured that separation of the two halves of the push­

off specimen was not restrained by the testing machine. A load cell was pro­

vided between the upper platten of the testing machine and the roller system 

to monitor the applied load continuously. 

Both the slip (or relative motion parallel to the shear plane of the 

two halves of the specimen,) and the separation (or relative motion normal to 

the shear plane of the two halves of the specimen,) were measured continuously. 

Linear differential transformers were used as the sensing elements of slip and 

separation gages attached to reference points embedded in the concrete. The 

separation gage was located at the middle of the length of the shear plane and 

the slip gage 2 inches below it. The embedded reference points were located 
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l~ inches either side of the shear plane. Both the slip and separation gages, 

and the load cell were monitored continuously during the test by a Sanborn 

strip chart recorder. The slip and separation gages were calibrated directly 

before the test, using a micrometer head to impose predetermined displacements 

on the core of the linear differential transforme~. 

2.5 Testing Procedure 

The specimens were subjected to a continuously increasing load. until fail­

ure occurred, with short pauses as necessary to mark any cracks which may have 

appeared. The average length of time taken for a test was about 15 minutes. 

The ultimate load was defined as the maximum load that could be carried by the 

specimen. Measurements of slip, separation and load were continued as the 

load decreased from the ultimate load, in order to trace out the falling branch 

of the load-slip and load-separation curves. 

As indicated in Table 2.1, certain of the push-off specimens were cracked 

along the shear plane before being tested in shear. The crack was produced by 

applying line loads to the back and front faces of the specimen along the line 

of the shear plane. To do this, the specimen was placed in a horizontal posi­

tion and the line loads were applied through a pair of steel bars by the Baldwin 

testing machine, as shown in Fig. 2.3. The dilation of the specimen normal to 

the shear plane was measured during the cracking operation using dial gages at­

tached to a reference frame surrounding the specimen. Little dilation occurred 

until the specimen cracked in the shear plane. Loading was continued until 

the dilation was slightly greater than 0.01 in. When the live loads were re­

moved, a residual dilation of about 0.01 in. remained, this being the average 

width of the crack in the shear plane before the shear transfer test. The 

load required to produce an initial crack width of 0.01 in. was approximately 

proportional to the shear transfer reinforcement paramete)~ pfy ' 
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3.2.2 Composite Specimens with a Delib~rately Roughened Interface, (Ser­

ies B, D, E and F). The behavior of the initially cracked specimens of Series 

Band D, in which good bond was obtained at the interface, was similar to that 

of the initially cracked monolithic specimens of Series A. However, fewer 

diagonal tension cracks occurred than in Series A. In Series D, the diagonal 

tension cracks and the compression spalling at failure tended to be concentrated 

in that half of the specimen made of the lower strength concrete. 

The behavior of the specimens of Series F in which the bond at the inter­

face was destroyed, but the specimens were initially uncracked, was similar to 

that of Series Band D, except that the failure was a little less brittle and 

occurred at generally larger slips, as may be seen from the shear-slip curves. 

The shear stiffness at lower loads, of comparable specin~ns of Series F and B, 

was very nearly the same. 

The specimens of Series E in which the bond at the interface was destroyed 

and which were also initially cracked, exhibited much lower shear stiffnesses 

than those of the comparable specimens of Series Band F, and the slip at ul­

timate load was greater. 

The shear-slip and slip-separation curves for Series B, D and E are shown 

in Figs. 3.2, 3.4, and 3.5, and 3.10, 3.12 and 3.13 respectively. 

3.2.3 Composite Specimens with a Smooth Interface, (Series C, G and H) 

In the specimens of all these three series, considerable slip occurred from the 

commencement of loading, but little or no separation was observed until just 

before failure. The shear stiffness of comparable specimens of all three 

series was similar at similar loads. A few diagonal tension cracks occurred 

adjacent to the shear plane in the most heavily reinforced specimens of Series 

C, but no diagonal tension cracks occurred in the specimens of Series G and H. 
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At ultimate load both slip and separation increased very rapidly. Failure 

was characterized by spalling of the concrete adjacent to the shear plane and 

the formation of cracks perpendicular to the shear plane. These cracks some­

times, but not always, coincided with the location of a shear transfer stirrup. 

The shear-slip and slip-separation curves for Series C, G and H are shown 

in Figs. 3.3, 3.7 & 3.8, and 3.11, 3.15 & 3.16 respectively. 



IV - DISCUSSION OF TEST RESULTS 

4.1 Composite Specimens with a Deliberately Roughened Interface, (Series B, D, 

E and F.) 

In Fig. 4.1 the ultimate shear transfer strengths of initially cracked 

composite specimens with a deliberately roughened interface are compared with 

those of initially cracked monolithic specimens. It can be seen that the 

strengths of the composite specimens are close to, but slightly less than those 

of comparable monolithic specimens. The difference in behavior is probably 

due to the difference in the minor roughness of the crack faces in the two 

cases. 

The major roughness of the crack faces is caused by the crack propagating 

around the pieces of large aggregate lying in the shear plane. This would 

probably be about the same in both the monolithic specim'en and the composite 

specimen. The minor roughness, caused by the crack paSSing around sand par-

ticles in a monolithic specimen, would probably be much less in a composite 

specimen. In this case the crack would probably lie at the interface between 

the precast and cast in place concretes. The deliberate roughening of the sur­

face of the precast concrete would model the major roughness of the crack in 

monolithic concrete, but the minor roughness would be much less or even absent. 

The influence of the minor roughness of cracks on shear transfer behavior has 

been discussed elsewhere(?). 

The shapes of the shear-slip curves of the initially cracked monolithic 

specimens and the initially cracked composite specimens with roughened inter-

face are very similar; as are the magnitudes of the slips at ultimate shear in 

the tvJO cases. 

In Fig. 4.2 a comparison is made of the strengths of composite specimens 

with deliberately roughenrd interface, but with different interface conditions 
12 
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at the time of test. It can be seen that for low and medium values of the 

reinforcement parameter pfy ' the shear transfer strength is almost the same 

whether the interface is bonded but initially cracked, un bonded but initially 

uncracked, or both unbonded and initially cracked. However, for large values 

of pf , the shear transfer strength is less for the specimens in which the bond 
y 

at the interface was broken. 

The shear-slip relationships for the composite specimens without bond at 

the interface were much less brittle in character than were those of the cracked 

monolithic specimens and the cracked composite specimens in which good bond was 

obtained at the interface. The shear stiffnesses of the specimens which were 

both initially cracked and had the bond at the interface broken, were much less 

than those of the other specimens at all levels of shear) even when the ultimate 

strengths were not significantly different. 

In Fig. 4.3 a comparison is made of the shear transfer strengths obtained 

when both halves of the composite specimens had the same concrete strength, 

(f' = 6000 psi,) and when the two halves of each composite specimen had dif-
c 

ferent strengths, (f~ = 6000 psi and 3000 psi). It can be seen that for low 

values of pfy the shear transfer strengths of the specimens made from 3000 psi 

and 6000 psi concretes were actually greater than those of the specimens made 

of 6000 psi concrete only. This may have been due to the crack having formed 

just inside the lower strength concrete, rather than at the interface. In such 

a case the minor roughness of the crack would be greater. This would result 

in a greater shear transfer strength, as long as concrete strength does not 

control shear transfer strength. This did become the case when pf exceeded y 

about 600 psi, so that specimens 03, 04 and 04A yielded very nearly the same 

shear transfer strength despite a substantial increase in pfy ' 
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For values of pf greater than 1000 psi, the shear transfer strength again 
y 

increased, the strength bei ng ve\~y nearly proporti ona 1 to pf y' The strengths 

of these heavily reinforced specimens are approximately equal to the strengths 

which would be calculated assuming a simple truss action after formation of 

diagonal tension cracks. This perhaps indicates that the original crack 

"locked Up," diagonal tension cracks formed and truss action developed. Heavy 

surface spalling occurred in these specimens adjacent to the shear plane at 

failure, so that it is difficult to be certain as to the exact mechanics of 

failure. 

4.2 Composite Specimens with a Smooth Interface, (Series C, G and H.) 

In Fig. 4.4 a comparison is made of the shear transfer strengths of com-

posite specimens with a smooth interface, but with different interface con-

ditions at the time of test. It can be seen that lower strengths resulted 

when bond at the interface was broken, as compared with the case in which good 

bond was obtained at the interface and then a crack was subsequently formed 

at the interface. The difference in minor roughness of the crack faces in the 

two cases is the probable reason for the difference in shear transf~r strength. 

It can also be seen that the shear transfer strength of the composite 

specimens with a smooth interface is only about half that of comparable com-

posite specimens with a deliberately roughened interface. This result indi­

cates that, if in a design it is assumed that the interface will be rough and 

appropriately h"igh shear transfer stresses are allowed, then adequate inspec-

tion must be provided to ensure that the assumed roughness of the interface is 

in fact provided. If this is not done and the assumed roughness of the inter­

face is not provided, then the actual shear transfer strength of the joint may 

be 10\1 and the safety of the structure may be impaired. 
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The shear transfer strength of the composite specimens with a smooth inter­

face is approximately proportional to the strength of the shear transfer rein­

forcement and v ~ 0.6 pfy. This fact indicates that the shear transfer rein-
u 

forcement in these specimens did not develop its tensile yield strength, since 

the test results of Gaston and Kriz(14) showed that the coefficient of friction 

between smooth concrete unbonded contact faces is about 0.8. 

The shear transfer strength of the composite specimens with a smooth inter-

face is actually very close to the shear yield strength of the shear transfer 

reinforcement, i.e., 

( 4.1) 

'. 
or, 

(4.2) 

This appears to indicate that for an initially cracked smooth interface, the 

shear transfer strength is developed by dowel action of the shear transfer 

reinforcement, rather than by any shear-friction type mechanism. The large 

slips and small separations observed in these tests also support this conclu-

sion. 

4.3 Comparison of t~easured and Calculated Shear Transfer Strengths of Composite 

Push-off Specimens 

4.3.1 Using Shear Friction The shear friction theory is a simplified 

theory for design purposes. It is assumed that a crack exists in the shear 

plane and that reinforcement of area Avf and having a yield point fy' crosses 

the crack at right angles. It is hypothesized that when shear acts along the 

crack, slip will occur, accompanied by separation of the crack faces due to 
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their roughness. This separation is assumed to stretch the reinforcement 

crossing the crack, and the tensile force so caused in the reinforcement re-

sults in a balancing compressive force across the crack. It is proposed that 

shear resistance in the shear plane is developed by the frictional resistance 

to sliding of one face of the crack over the opposite face. 

At ultimate strength. it is assumed that the separation of the crack faces 

is sufficient to develop the tensile yield strength of the reinforcement cross-

ing the crack. The normal compression across the crack is then equal to AVffy 

and the shear transfer strength Vu is given by, 

(4.3) 

where ~ is the assumed coefficient of friction and ¢ is the capacity reduction 

factor for shear (0.85) specified in ACI 318-71. The values of ~ specified in 

Section 11.15 of ACI 318-71 are 1.4 for a crack in monolithic concrete, and 

1.0 for a crack at the interface when concrete is placed against hardened con­

crete having a roughened surface. The ultimate shear stress is limited to the 

lesser of 800 psi or 0.2 f'. The shear friction equation (4.3) may also be c 

restated as, 

v 
v = ___ u_ = pf ~ but t 0.2f' nor 800 psi 
u ¢Acr y c 

(4.4) 

In Sec. 6.1.9 of the PCI Design Handbook it is proposed that for values of pfy 

greater than 600 psi, the shear friction equations can continue to be used pro­

vided that the coefficient ~ is multiplied by 

(3~0 + 0.5). 
p Y 
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That is, Eq. (4.4) now becomes 

v = p f II (30
f
O + 0. 5) ( 4 . 5 ) 

u y p y 

This equation will be referred to as the PCI equation. Initially, no upper 

limit was specified for v calculated using the PCI equation, but subsequently 
u 

an upper limit of the lesser of 0.25 f' or 1200 psi was proposed. c 

In Fig. 4.5 the measured shear transfer strengths of the composite push-off 

specimens with a deliberately roughened interface are compared with the shear 

transfer strengths calculated using the shear friction equations (4.4) and (4.5), 

(Note that in making comparisons of measured and calculated shear transfer 

strengths, the value of the capacity reduction factor <p is taken as 1.0, since 

the material strengths and specimen dimensions are accur~tely known.) 

It can be seen that the shear transfer strengths of all these specimens 

are estimated conservatively by both shear friction equations, even if the 

value of II = 1.4 (corresponding to a crack in monolithic concrete,) is used. 

If II is taken as 1.0, as required by Sec. 11.15 of ACI 318-71 for the case of 

an interface when concrete is placed against hardened concrete, then the cal-

culated strengths are over-conservative relative to the measured strengths. 

The conditions of cracking and loss of bond at the interface in these spe-

cimens represent the worst conditions likely to occur at an interface in prac­

tise. If good bond is obtained and no crack occurs in the interface, the shear 

transfer strength will be higher than obtained in these tests. It appears 

therefore that it would be reasonably conservative to use II = 1.4 in design, 

for the case of transfer of shear across an interface when concrete is placed 

against hardened concrete having a roughened surface as required by Sec. 11.15.7. 

In Fig. 4.6 the measured shear transfer strengths of the composite push-off 
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specimens with a smooth interface are compared with the shear transfer strengths 

calculated using the shear friction equations (4.4) and (4.5), assuming a value 

of 0.60 for ~, (ACI 318-71 does not specify a value of ~ for this interface 

condition). It is seen that using this value of ~ in the ACT equation (4.4). 

yields reasonably conservative results for the specimens of Series C and G. 

For the specimens of Series H, in which the bond at the interface was broken 

and the specimens were also deliberately cracked, the ACI equation (4.4) yields 

slightly unconservative results. The condition of the interface in the speci-

mens of Series H would represent an extreme case. It is therefore proposed 

that ~ should be taken as 0.6 for design purposes, for the case of concrete 

cast against hardened concrete with a smooth face. 

It is seen that the shear transfer strength of the specimens with a smooth 

interface is approximately proportional to the reinforcement parameter pf , 
Y 

for values of pfy up to 1400 psi. It does not therefore seem appropriate in 

this case, to use the pel equation (4.5) which implies a change in the rela­

tionship between Vu and pfy at pfy equal to 600 psi. Also, the PCI equation 

is seen to yield quite conservative results for large values of pfy . 

Section 11.15.7 of ACI 318-71 specifies a value of 0.7 for ~ in the case 

of concrete cast against as-rolled, unpainted steel. This value of ~ corres­

ponds to the shear transfer strength obtained at a concrete-steel interface 

when headed stud shear connectors are used as shear transfer reinforcement. 

It is thought that the higher strengths obtained in this case than in the cpse 

of the smooth concrete to concrete interface, are due to the fact that the 

stress-strain curve for the headed stud shear connectors does not have a clearly 

defined yield point. It is therefore likely that at ultimate these studs would 

actually be stressed to a stress greater than their nominal yield point. Also, 
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the cross-section of the stud in the shear plane is increased locally by the 

weld metal deposited around the stud where it is attached to the steel surface. 

The rebars used as shear transfer reinfrocement in the comrosite push-off speci-

mens having a smooth interface had a clearly defined yield point, and it is 

considered that the yield stress was probably the maximum stress reached in this 

reinforcement. 

It has been noted earlier, that for the case of a smooth concrete inter-

face it is likely that the shear transfer strength is being developed by dowel 

action of the reinforcement, rather than by a shear friction type of action. 

Never-the-less it is convenient for design purposes to continue to use the 

shear friction equation for this case, using an Jrtificially low value for ~. 

The shear friction equation (4.4) then becomes numerically the same as equa­

tion (4.2) corresponding to dowel action of the reinforcement. 

4.3.2 Using Modified Shear Friction As noted in 4.3.1, the shear fric­

tion theory is a simplified theory for design purposes. It assumes that all 

the shear transfer resistance is developed by friction between the crack faces. 

This leads to a relationship in which the shear transfer strength is directly 

proportional to the reinforcement parameter pfy. In reality the resistance to 

shear is provided by a combination of frictional resistance, resistance to 

shearing off of asperities on the crack faces and dowel action of the rein-

forcement crossing the crack. In the case of a crack in monolithic concrete, 

the shear transfer strength is as a consequence, not directly proportional to 

pfy ' For values of pfy greater than 200 psi, it has been shown(5) that, for 

normal weight concrete, the following equation corresponds more closely to the 

actual variation of shear transfer strength with pfy ' 

Vu = 0.8 pfy + 400 psi but t 0.3 f' c (4.6) 
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This equation is referred to as the modified shear friction equation. 

In Fig. 4.7 a comparison is made of the measured shear transfer strengths 

of the composite push-off specimens having a roughened interface, and the shear 

transfer strength calculated using the modified shear friction equation (4.6). 

It can be seen that the equation yields reasonably conservative values for 

shear transfer strength in this case. However, for the specimens in which bond 

was prevented at the interface, the maximum shear stress developed is approxi-

mately 0.2 f~ rather than 0.3 f~. It is therefore proposed that for the case 

of concrete cast against roughened concrete, the shear transfer strength may 

be calculated using the modified shear friction equation (4.6) providing v 
u 

is limited to 0.2 f~. 

In the case of concrete cast against smooth concrete, it has already been 

shown that the shear transfer strength is closely predicted by the shear fric­

tion equation (4.4), if a value of 0.6 is used for~. It is obvious therefore, 

that the modified shear friction equation (4.6) does not apply in this case. 

4.4 Comparison of Measured and Calculated Shear Transfer Strengths of Initially 

Cracked, Monolithic Push-off Specimens of Normal Weight Concrete 

In Fig. 4.8 a comparison is made of the measured shear transfer strength 

of initially cracked, monolithic, normal weight concrete, push-off specimens, 

and the shear transfer strength calculated using the modified shear friction 

equation (4.6). Included in the figure are test data from Series A (f~=6000 psi) 

and data from previous tests(3) for which f~ was 4000 psi or 2500 psi. 

The modified shear friction equation was originally proposed on the basis 

of the data from tests(3) in which f~ was 4000 psi or 2500 psi. It can be seen 

that the equation is conservative with respect to the data from tests in which 

f~ was 6000 psi. It can also be seen that the upper limit of 0.3 f~ for Vu is 
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still valid for 6000 psi compressive strength concrete. The modified shear 

friction equation (4.6) can therefore be used with confidence in design for 

normal weight concrete strengths of up to 6000 psi. It is unlikely however 

that ultimate shear transfer stresses greater than 1200 psi would be used in 

design, because of problems of reinforcement congestion. 

It is apparent from Fig. 4.8 that the modified shear friction equation 

could be made to reflect the test results more closely, by replacing the con­

stant 400 with a function of the concrete compressive strength. [4.50 (f~)0.545 

would be appropriate.] However, it is tho lIght that for design purposes this 

would represent an unwarranted complication of the equation. 



v - PRINCIPAL CONCLUSTONS 

Based on the test data reported, the following conclusions may be drawn 

concerning shear transfer in normal weight concrete. 

1. Roughening of the interface as prescribed by Sec. 11.15 of ACI 318-71) 

is essential if high shear stresses are to be transferred across the interface 

of concrete cast against hardened concrete. 

2. If the interface is deliberately roughened, then the mechanics of shear 

transfer across the interface between concrete cast against hardened concrete, 

is essentially the same as in the case of shear transfer across a crack in 

monolithic concrete. 

3. If the interface between concrete cast against hardened concrete is 

smooth, then shear is transferred across the interface primarily by "dowe1 

action" of the shear transfer reinforcement. 

4. If the shear friction equation contained in Sec. 11.15 of ACI 318-71 

is used to calculate the shear which may be transferred across an interface 

between concrete cast against hardened concrete, then the following values of 

~ are appropriate in the case of normal weight concrete: 

(a) If the interface is deliberately roughened as specified in Sec. 

11.15.7 of ACI 318-71, ~ = 1.4, 

(b) If the interface is smooth, ~ = 0.6. 

5. If the interface is deliberately roughened, then the shear which may 

be transferred across an interface between concrete cast against hardened con-

crete can be calculated using the modified shear friction equation, providing 

vis 1 i mited to 0.2 f'. 
u c 

i.e. Vu = 0.8 pfy + 400 psi but t 0.2 f' c 

6. The modified shear friction equation can be used to calculate the shear 
22 
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which may be transferred across a crack in monolithic, normal weight concrete, 

for concrete strengths of up to 6000 psi. In this case, the upper limit of 

0.3 f~ on Vu is appropriate. 

" 
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Series 

A 

B 

C 

0 

E 

F 

G 

H 

TABLE 2.1 - PROGRAM OF PUSH-OFF TESTS 

Type of f' at test Type of Bond Condition Initi a 1 
Specimen c (psi) Interface of Interface 

~lono1 i thi c 6000 

Composite 6000 Rough Bonded 

Composite 6000 Smooth Bonded 

Composite 6000 & Rough Bonded 3000 
Composite 6000 Rough Bond 

broken 
Composite 6000 Rough Bond 

broken 
Composite 6000 Smooth Bond 

broken 
Composite 6000 Smooth Bond 

broken 

TABLE 2.2 - CONCRETE MIX PROPORTIONS 
(lb./cu.yd. ) 

Concrete Strength f' (psi) c 3000 6000 
and Age at Test (days) 4 7 

Type III Portland Cement 460 720 

3/4 in. Gravel 1760 1665 

Sand 1415 1235 

Conditi on 

Cracked 

Cracked 

Cracked 

Cracked 

Cracked 

Uncracked 

Cracked 

Uncracked 

6000 

4 

755 

1620 

1230 

Note: In all mixes, waLer was provided to produce a 3 inch slump. 

25 

--



N
 

'-
J
 

i I 

TA
BL

E 
2.

3B
 

-
PR

OP
ER

TI
ES

 
OF

 S
PE

CI
M

EN
S 

AT
 T

IM
E 

OF
 T

ES
T 

(S
ER

IE
S 

B
 A

ND
 C

) 

Sp
ec

im
en

 
S

ti
rr

u
p

s 
R

ei
nf

or
ce

m
en

t 
F

ir
st

 H
al

f 
Se

co
nd

 H
al

f 
C

on
c.

 
Ca

m
p.

 
C

on
c.

 
T

en
si

le
 

C
on

c.
 

Ca
m

p.
 

C
on

c.
 

T
en

si
le

 
No

" 
No

. 
&

 Si
ze

 Y
ie

ld
 S

tr
en

gt
h 

S
tr

en
gt

h(
l)

 
S

tr
en

gt
h 

(2
) 

. 
S

tr
en

g
th

(l
) 

S
tr

en
gt

h 
(2

) 
(k

s i
 ) 

( p
si

) 
(p

si
) 

(p
si

) 
(p

s 
i )

 

B1
 

1-
#3

 
51

.2
7 

63
30

 
41

5 
58

40
 

41
0 

B2
 

2-
#3

 
50

.5
5 

63
30

 
41

5 
58

40
 

41
0 

B3
 

3-
#3

 
5

l.
 2

7 
60

55
 

39
5 

62
25

 
47

0 

B4
 

4-
#3

 
53

.8
2 

60
55

 
39

5 
62

25
 

47
0 

B5
 

2-
#3

 
53

.8
2 

60
40

 
48

5 
58

95
 

40
5 

+2
-

#4
 

49
.2

5 
B6

 
4-

#4
 

49
.2

5 
60

40
 

48
5 

58
95

 
40

5 

C1
 

1-
#3

 
50

.9
1 

61
90

 
54

0 
58

70
 

45
0 

C2
 

2-
#3

 
50

.9
1 

61
90

 
54

0 
58

70
 

45
0 

C3
 

3-
#3

 
50

.5
5 

59
80

 
, 

39
0 

59
80

 
40

0 

C4
 

4-
#3

 
5l

. 6
4 

59
80

 
39

0 
59

80
 

40
0 

C5
 

5-
#3

 
52

.7
3 

61
65

 
40

5 
61

85
 

38
0 

C6
 

4-
#4

 
45

.2
5 

61
65

 
40

5 
61

85
 

38
0 

.
~
 _

_
_

 J
~
_
 

N
ot

e 
(1

) 
C

on
cr

et
e 

co
m

pr
es

si
ve

 s
tr

en
gt

hs
 m

ea
su

re
d 

on
 

6 
x 

12
 

in
ch

 c
yl

in
de

rs
. 

(2
) 

C
on

cr
et

e 
sp

li
tt

in
g

 t
en

si
le

 s
tr

en
gt

hs
 m

ea
su

re
d 

on
 

6 
x 

12
 

in
ch

 c
yl

in
de

rs
. 



N
 co
 

I I 

TA
BL

E 
2.

3C
 -

PR
OP

ER
TI

ES
 

OF
 S

PE
CI

M
EN

S 
AT

 T
IM

E 
OF

 T
ES

T 
(S

ER
IE

S 
D)

 

F
ir

st
 H

al
f 

Se
-:o

nd
 

H
al

f 
Sp

ec
im

en
 

S
ti

rr
u

p
s 

R
ei

nf
or

ce
m

en
t 

C
on

c.
 

Ca
m

p.
 

C
on

c.
 

T
en

sl
le

 
. 

C
on

c.
 

Ca
m

p.
 

C
on

c.
 

T
en

si
le

 
N

o. 
N

o. 
&

 Si
ze

 Y
ie

ld
 S

tr
en

gt
h 

S
tr

en
gt

h(
l)

 
S

tr
en

gt
h 

(2
) 

S
tr

en
gt

h 
(1

) 
S

tr
en

gt
h 

(2
) 

(k
si

) 
I 

(p
si

) 
(p

si
) 

(p
s i

) 
(:

:l
si

) 

; 

I 
01

 
1-

#3
 

51
. 2

7 
62

45
 

38
0 

37
70

 
35

0 

02
 

2-
#3

 
51

.2
7 

62
45

 
38

0 
37

70
 

35
0 

I 

03
 

3-
#3

 
56

.0
0 

59
10

 
39

0 
29

40
 

24
0 

04
 

4-
#3

 
56

.0
0 

59
10

 
39

0 
29

40
 

24
0 

04
A 

4-
#3

 
54

.0
0 

60
85

 
46

0 
24

95
 

28
5 

05
 

2-
#3

 
46

.3
6 

62
00

 
44

0 
29

55
 

35
0 

+2
-

#4
 

48
.5

0 
05

A 
2-

#3
 

53
.6

4 
62

85
 

48
5 

27
95

 
29

5 
+2

-
#4

 
46

.2
0 

06
 

4-
#4

 
48

.5
0 

62
00

 
44

0 
29

55
 

35
0 

j 

N
ot

e 
(1

) 
C

on
cr

et
e 

co
m

pr
es

si
ve

 s
tr

en
gt

hs
 m

ea
su

re
d 

on
 

6 
x 

12
 

in
ch

 
cy

li
nd

er
s.

 

(2
) 

C
on

cr
et

e 
sp

li
tt

in
g

 t
en

si
le

 s
tr

en
gt

hs
 m

ea
su

re
d 

on
 

6 
x 

12
 

in
ch

 
cy

li
nd

er
s.

 



N
 
~
 

I TA
BL

E 
2.

30
 -

PR
OP

ER
TI

ES
 O

F 
SP

EC
IM

EN
S 

AT
 T

IM
E 

OF
 T

ES
T 

(S
ER

IE
S 

E
 A

ND
 

F)
 

Sp
ec

im
en

 
S

ti
rr

up
s 

Re
i n

fo
rc

em
en

t 
F

ir
st

 H
al

f 
Se

co
nd

 
H

al
f 

C
on

e.
 

Co
m

po
 

C
on

e.
 

Te
ns

 i
l e

 
C

on
e.

 
Co

mp
o 

-C
on

e.
 

T
en

si
le

 
No

. 
No

. 
&

 Si
ze

 Y
ie

ld
 S

tr
en

gt
h 

S
tr

en
gt

h(
l)

 
S

tr
en

gt
h 

(2
) 

S
tr

en
g

th
(l

) 
S

tr
en

gt
h 

(2
) 

(k
si

) 
(p

s i
) 

(p
si

) 
(p

si
) 

(p
s 
i)

 

, 

E1
 

1-
#3

 
47

.2
7 

64
90

 
49

0 
59

40
 

44
5 

E2
 

2-
#3

 
47

.2
7 

66
20

 
46

5 
65

00
 

46
0 

E3
 

3-
#3

 
47

.2
7 

61
40

 
49

0 
59

90
 

37
0 

E4
 

4-
#3

 
47

.2
7 

58
60

 
59

90
 

-
-

E5
 

2-
#3

 
53

.6
4 

66
50

 
45

5 
63

55
 

53
8 

+2
-

#4
 

47
.4

0 

E6
 

4-
#4

 
45

.3
0 

61
25

 
45

1 
62

00
 

42
5 

Fl
 

1-
#3

 
46

.3
6 

60
90

 
41

0 
60

10
 

38
5 

: 

F2
 

2-
#3

 
47

.2
7 

i 
64

90
 

49
0 

59
40

 
44

5 

F3
 

3-
#3

 
47

.2
7 

66
20

 
46

5 
65

00
 

46
0 

F4
 

4-
#3

 
47

.2
7 

61
40

 
49

0 
59

90
 

37
0 

F5
 

2-
#3

 
53

.6
4 

58
60

 
59

90
 

+2
-

#4
 

45
.3

0 
--

-
--

-
F6

 
4-

#4
 

47
.4

0 
66

50
 

45
5 

63
55

 
53

8 

-
-
-
-

. 
--

-_
._

--
-

I 

N
ot

e 
(1

) 
C

on
cr

et
e 

co
m

pr
es

si
ve

 s
tr

en
gt

hs
 m

ea
su

re
d 

on
 

6 
x 

12
 

in
ch

 
cy

li
nd

er
s.

 

(2
) 

C
on

cr
et

e 
sp

li
tt

in
g

 t
en

si
le

 s
tr

en
gt

hs
 m

ea
su

re
d 

on
 

6 
x 

12
 

in
ch

 
cy

li
nd

er
s.

 



w
 

o 

I ! 

TA
BL

E 
2.

3E
 

-
PR

OP
ER

TI
ES

 O
F 

SP
EC

IM
EN

S 
AT

 T
IM

E 
OF

 T
ES

T 
(S

ER
IE

S 
G

 A
ND

 
H)

 

F
ir

st
 H

al
f 

Se
co

nd
 

H
al

f 
Sp

ec
im

en
 

S
ti

rr
up

s 
R

ei
nf

or
ce

m
en

t 
C

on
e.

 
Co

m
po

 
C

on
e.

 
Te

ns
 i
l e

 
C

on
c.

 
Ca

m
p.

 
C

on
e.

 
T

en
si

le
 

N
o. 

No
. 

&
 Si

ze
 Y

ie
ld

 S
tr

en
gt

h 
S

tr
en

gt
h 

(1
) 

S
tr

en
gt

h 
(2

) 
S

tr
en

gt
h(

l)
 

S
tr

en
gt

h 
(2

) 
(k

s i
 )

 
(p

si
) 

(p
s i

 )
 

(p
s i

 ) 
(p

si
) 

Gl
 

1-
#3

 
50

.9
1 

61
90

 
54

0 
58

70
 

45
0 

i 

G2
 

2-
#3

 
50

.9
1 

61
90

 
54

0 
58

70
 

45
0 

G3
 

3-
#3

 
50

.5
5 

59
80

 
39

0 
59

80
 

40
0 

G4
 

4-
#3

 
51

.6
4 

59
80

 
39

0 
59

80
 

40
0 

G5
 

5-
#3

 
52

.7
3 

61
65

 
40

5 
61

85
 

38
0 

G6
 

4-
#4

 
45

.2
5 

61
65

 
40

5 
61

85
 

38
0 

H1
 

1-
#3

 
55

.4
5 

63
30

 
37

0 
58

25
 

40
0 

H2
 

2-
#3

 
55

.4
5 

61
70

 
--

-
60

80
 

--
-

H3
 

3-
#3

 
55

.4
5 

61
70

 
, 

--
-

60
80

 
--

-

H4
 

4-
#3

 
53

.6
4 

67
20

 
39

5 
60

75
 

37
5 

H5
 

2-
#3

 
53

.6
4 

66
50

 
55

0 
61

80
 

46
5 

+2
-

#4
 

46
.8

0 
H6

 
4-

#4
 

46
.8

0 
65

35
 

45
0 

59
00

 
37

0 

~
 

-
-
-
-

-
-
-

-
-
-
-

N
ot

e 
(1

) 
C

on
cr

et
e 

co
m

pr
es

si
ve

 s
tr

en
gt

h 
m

ea
su

re
d 

on
 

6 
x 

12
 

in
ch

 
cy

li
n

d
er

s.
 

(2
) 

C
on

cr
et

e 
sp

li
tt

in
g

 t
en

si
le

 s
tr

en
gt

hs
 m

ea
su

re
d 

on
 

6 
x 

12
 

in
ch

 c
yl

in
de

rs
. 



~I
 TA

BL
E 

3.
1A

 -
TE

ST
 D

AT
A 

(S
ER

IE
S 

A
 A

ND
 B

) 

Sp
ec

im
en

 
N

o.
 

A1
 

A2
 

A3
 

A4
 

A5
 

A6
 

A6
A 

A7
 

B1
 

B2
 

B3
 

B4
 

B5
 

86
 

R
ei

nf
or

ce
m

en
t 

A
re

a,
 

A
 f

 
2 

v 
(i

 n
. )

 

0.
22

 

0.
44

 

0.
66

 

0.
88

 

1.
 1

0 

1.
 6

0 

1.
 6

0 

2.
00

 

0.
22

 

0.
44

 

0.
66

 

0.
88

 

1.
24

 

1.
 6

0 

R
ei

nf
or

ce
m

en
t 

P
ar

am
et

er
 

pf
 y

' 
(p

si
) 

22
7 

45
4 

73
2 

97
6 

11
28

 

15
36

 

15
36

 

19
28

 

22
6 

44
5 

67
6 

94
7 

12
62

 

15
76

 

U
lt

im
at

e 
S

he
ar

 S
tr

es
s 

v u
' 

(p
si

) 

76
0 

80
0 

11
50

 

l4
20

 

15
00

 

17
60

 

18
60

 

19
40

 

.' 
48

7 

70
0 

10
54

 

12
76

 

15
70

 

17
00

 

S
li

p
 a

t 
U

lt
im

at
e 

(i
 n

. )
 

0.
01

35
 

0.
02

27
 

0.
00

90
 

0.
02

13
 

0.
01

80
 

0.
01

47
 

0.
01

77
 

0.
04

07
 

0.
01

20
 

0.
01

73
 

0.
01

50
 

0.
01

74
 

0.
02

13
 

0.
01

45
 

S
ep

ar
at

io
n 

at
 U

lt
im

at
e 

(i
 n

 . )
 

0.
01

26
 

0.
00

68
 

0.
01

30
 

0.
01

54
 

0.
00

89
 

0.
01

02
 

0.
01

82
 

0.
02

60
 

0.
00

21
 

0.
00

17
 

0.
00

83
 

0.
00

62
 

0.
00

98
 

0.
01

00
 



TA
BL

E 
3.

1B
 

-
TE

ST
 

DA
TA

 
(S

ER
IE

S 
C

 A
ND

 
D)

 

Sp
ec

im
en

 
N

o.
 

R
ei

nf
or

ce
m

en
t 

R
ei

nf
or

ce
m

en
t 

U
lt

im
at

e 
S

li
p

 a
t 

S
ep

ar
at

io
n 

A
re

a,
 

A
 f

 
P

ar
am

et
er

 
S

he
ar

 S
tr

es
s 

U
lt

im
at

e 
at

 U
lt

im
at

e 
2 

v 
pf

 
, 

(p
si

) 
v 

(p
s i

) 
( i

n
. )

 
( i

n
. 

) 
(i

 n
. )

 
y 

u 

C1
 

0.
22

 
22

4 
21

0 
0.

10
73

 
0.

01
54

 

C2
 

0.
44

 
44

8 
36

0 
0.

04
17

 
0.

00
31

 

C3
 

0.
66

 
66

7 
42

8 
0.

02
45

 
0.

00
51

 

C4
 

0.
88

 
90

8 
60

0 
0.

03
46

 
0.

00
"1

8 

~I
 

C5
 

1.
 1

 0 
11

60
 

78
0 

0.
02

93
 

0.
00

36
 

C6
 

1.
60

 
14

48
 

88
2 

0.
02

12
 

0.
00

64
 

01
 

0.
22

 
22

5 
59

0 
0.

00
99

 
0.

00
61

 

02
 

0.
44

 
45

1 
92

0 
0.

00
97

 
0.

00
45

 

03
 

0.
66

 
73

9 
10

10
 

0.
02

10
 

0.
00

92
 

04
 

0.
88

 
98

5 
10

02
 

0.
01

41
 

0.
00

92
 

04
A 

0.
88

 
95

0 
99

4 
0.

03
33

 
0.

01
40

 

05
 

1.
 2

4 
11

84
 

12
10

 
0.

01
68

 
--

(1
) 

05
A 

1.
 2

4 
12

11
 

12
50

 
0.

03
59

 
0.

02
09

 

06
 

1.
60

 
15

52
 

14
70

 
0.

02
99

 
0.

01
12

 
(1

) 
N

ot
 

re
co

rd
ed

, 
in

st
ru

m
en

t 
m

al
fu

nc
ti

on
. 



F1
 

0.
22

 
20

4 
42

2 
0.

04
20

 
0.

02
00

 

F2
 

0.
44

 
41

6 
67

4 
0.

01
90

 
0.

00
87

 

F3
 

0.
66

 
62

4 
89

6 
0.

03
40

 
0.

01
70

 

F4
 

0.
88

 
83

2 
12

10
 

0.
02

03
 

0.
01

30
 

F5
 

1.
24

 
11

97
 

12
50

 
0.

02
26

 
0.

01
45

 

F6
 

1.
60

 
15

17
 

15
20

 
0.

02
07

 
0.

01
40

 



TA
BL

E 
3.

10
 -

TE
ST

 
DA

TA
 

(S
ER

IE
S 

G
 A

ND
 H

) 

Sp
ec

im
en

 
No

. 
R

ei
nf

or
ce

m
en

t 
R

ei
nf

or
ce

m
en

t 
U

lt
im

at
e 

S
li

p
 a

t 
S

ep
ar

at
io

n 
A

re
a,

 
A

 f
 

P
ar

am
et

er
 

S
he

ar
 S

tr
es

s 
U

lt
im

at
e 

at
 U

lt
im

at
e 

2 
v 

p
f y

' 
(p

s 
i)

 
v u

 (
ps

 i)
 

( i
n

. 
) 

( i
n

. )
 

(i
 n

 . )
 

Gl
 

0.
22

 
22

4 
16

0 
0.

08
90

 
0.

00
34

 

G2
 

0.
44

 
48

8 
26

4 
0.

06
00

 
0.

00
14

 

G3
 

0.
66

 
73

2 
38

4 
0.

04
35

 
0.

00
56

 

G4
 

0.
88

 
94

4 
50

0 
0.

04
00

 
0.

01
00

 

~I
 

G5
 

1.
 2

4 
12

16
 

58
6 

0.
02

40
 

0.
00

87
 

G6
 

1.
60

 
14

98
 

77
8 

0.
03

50
 

0.
00

65
 

Hl
 

0.
22

 
24

0 
18

8 
0.

06
45

 
0.

01
15

 

H2
 

0.
44

 
48

0 
32

2 
0.

02
40

 
0.

00
26

 
, 

H3
 

0.
66

 
72

0 
46

0 
0.

02
35

 
0.

00
58

 

H4
 

0.
88

 
96

0 
51

0 
0.

01
68

 
0.

00
65

 

H5
 

1.
 2

4 
11

57
 

65
4 

0.
01

95
 

0.
00

64
 

H6
 

1.
 6

0 
14

88
 

76
0 

0.
03

50
 

0.
01

05
 



APPENDIX 

NOTATION 

Acr = Area of shear plane, sq. in. 

Ayf = Area of reinforcement crossing the shear plane, sq. in. 

f l = Compressive strength of concrete measured on 6 x 12 in. 
c cyl i nders, psi. 

fy = Yield point stress of reinforcement, psi. 

V = Ultimate shear force, kips. 
u 

Vu = Nominal ultimate shear stress, psi. 

= 1000 Vu/Acr' psi. 

~ = Coefficient of friction used in shear-friction calculations. 
" 

P = Ayf/Acr 

¢ = Capacity reduction factor, as per Sec. 9.2 of ACI 318-71. 
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