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Moment Transfer at Interior Slab-Column Connections 
by Scott D. B. Alexander and Sidney H. Simmonds 
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BACKGROUND 
In the vicinity o f  a coluiiin support. a two-way reinforced 

concrete plate inust carry transverse >hear resulting from 
gravity load. In addition, there mny bc a net nioment M,,,,,. 
traditionally called an unbalanced moment. to be transferred 
between the slab and the column. 

For design. ACI 318' h i t s  the calculated maximum 
stress o n  a critical section located di2 from the face of the 
support. Both the vertical shear and a fraction of the unbal- 
anced moment are iissumed to contribute t o  shear stresses on 
the critical section. A linear distribution of transverse shear 
stress is wsumed to act on the critical section, with the 
magnitude oí  the shear stress I' at any point on the critical 
section is given hy 

In Eq. ( I  ). V is the net shear at the centroid of the critical 
section. h,, is the perimeter of the critical section. d is the 
average tlcxurül depth oíthe slab, and r is the distance between 
a point on die critical section and its centroid. The term 7". 
generally aboiii 0.4 for interior connections, is the fraction of 
the unbalanced moment assumed to be carried by shear 
stresses on  the critical section and J is a property of the critical 
section. The nominal limiting value of the stress I:. on the 
critical section is 0.33<j;r where,f,: is in units of MPa. 

The contention of this paper is that unbalanced moment 
contributes far less tu trdiisvene shear than is implied by Eq. ( I ) .  
An unbalanced iiioment generates very high flexural forces 
in the vicinity ofthe colunni within the plane of the slab. The 
argument is biised on$ reexamination of.ihe tests reported by 
Hanson and Hanson.- 

A reexaniination of these tests is appropriate for four reasons. 
First. the specimens. tested under combinations of low net 
shear and high unbalanced moment. were described as having 
fiiiled in shear. Second, they are well documented and have 
well-defined statics, permitting an alternative analysis. 
Third. the loading geomeuy reasonably approximates condi- 
tions in a prototype slab under lateral load. Finally. the tests 
are historically significant as they were used to justify the 
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Fig. 1-Specimen geomefry 

current design assumption that approximately 40% of the 
unbalanced moment is carried by shear. 

Tests by Hanson and Hanson' 
Hanson and Hanson report ta ts  on 16 interior slab-column 

connections and one edge slabcolumn connection. Ofthe interim 
specimens, three failed in bending and six had perforations 
immediately adjacent to the column. This discussion will be 
limited to the remaining seven interior connections without 
slab perforations that are reported to have failed in shear. 

Ail slabs were 76 mm (3 in.) thick and reinforced with No. 3 
bars (Abor= 71 mm2) at 76 mm (3 in.) on center each way top 
and bottom. The clear cover was 9.5 nun (0.375 in.), giving an 
average flexural depth of 57 mm (2.25 in.). The outer bars 
for both the top and bottom mats were placed parallel to the 
long dimension of the slab. 

Figure I shows a plan view of the specimens while Fig. 2 
shows the loading arrangement. The support at the top of the 
column produced compression in the column that was 
proportional to the applied moment. Details and test results 
for these specimens are given in Table I .  The loads P,  and 
P? are based on satisfying vertical and rotational equilibrium 
(Eq. (2) and (3)) and assuming a specimen self-weight of 
4.46 kN ( I  .O kips). 

Mu,, = (PI+P,)x0.915m (3) 

. 2 ,  March-ApriI 2003. 
r 6. 2MI. and revinvcd under Institute aihliea. 
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Fig. 5-Cnid ~iuffrrir-Sperimeii AIZ .  

conipression strut bearing on the lower half of the front or 
side face5 of the joint. Top bars passing outside the column 
are anchored 1 0  thc backside of the column by means of 
compression struts within the pkme of the top reinforcement. 
Anchoring tie forces are providrd by top reinforcement parallel 
to the front and back faces of the joint. For specimens with 
Type I loading, the bottom bars are engaged in tension, 
generating an arrangement of struts and ties similar to that 
associated with the lop bars. 

The shears V I  and V, (Fig. 4) are the vertical components 
of the flexural conipression struts (Fig. 6). Because flexural 
forces are over 10 times greater than the shear forces, the 
flexural compression struts at the face of the joint are very 
nearly horizontal (within about five degrees). The total com- 
pression framing into the front and side faces of the joint is 
the suni of  the flexural siruts and the anchoring struts. 

Limit analysis 
The ohjective of this limit analysis is to provide an estimate 

of the capacity of a slah-column connection to transfer moment 
as governed by the forces acting within the slab. Forces within 
the joint itselfare nut examined. Reinforcing steel is assumed to 
act in either tension o r  compression and is limited to its yield 
force. Concrete compression stresses are limited to values 
commonly assumed in flexural design. Concrete tensile 
stresses and dowel forces are neglected. 

is expressed as the 
suni of two p m .  The lransverse shears VI and V, are eccentric 
to the center of the column and they are responsible for a portion 
Mihror of  the unbalanced moment. The remainder of the 
unbalanced moment M,lc,,T is the vector sum of MI and M 2 .  

Taking the forces shown i n  Fig. 3 as positive. Mshpnr is 
given by 

The total unhalanced moment 

The ratio of M,yh<,c,rtoM,ut,, is fixed by the loading arrangement 
and the column dimension c , .  For the tests by HMSon and 
Hanson, M,7h<,(ir acc«un& for 8.3% ofM,,& where c,  is 152 nun. 
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Fig. 6-Strut-and-tie model for  slab reinforcement outside 
ofjoint. 

Plan f. 

Fig. 7-Components of moment carried by concrete at joint. 

and 16.7% of Munb where E ,  is 305 mm. It follows that the 
corresponding values for flexural moment Mfiex account 
for 91.7% and 83.3% of the unbalanced moment, respec- 
tively. It is the capacity of the specimens to transmit this 
flexural moment that determines failure. 

The moments MI and M2 produce flexural forces that 
frame into the joint. These forces are limited by either 
compression rupture of the concrete at the face of the joint 
or by yielding of the flexural reinforcement. 

Mgex is divided into three parts, Mc,+ M,,, and M,. M3 is the 
flexural moment that can be attributed to the reinforcing 
steel framing into the joint itself. M,/and M, illustrated in 
Fig. 7. are moments transferred from the slab to the slah- 
column joint by way of uniaxial compression stresses in the 
concrete acting in the plane of the slab. M,/is formed by 
opposing compression forces on the front and hack faces of 
the slab-column joint. M,, is a torsional moment t r a n s f e d  
on the side faces of the slab-column joint. 

To estimate M@ a uniaxial stress f, is assumed to bear on 
the faces of the slab-column joint. 00 the front and back faces, 
opposing normal stresses are assumed to act over half the 
depth of the slab. as shown in Fig. 7(a). The half depth of the 
slab is chosen to maximize Mcf 
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For the torsional moment M,,, two uniaxial stress blocks 
load each side face. To maximize the torsional moment. each 
uniaxial stress block is assumed to act over half the depth of 
the slab and to meet the face of the slab-column joint at 45 
degrees, as illustrated in the plan view of Fig. 7(b). The 
uniaxial stress off, at an angle of 45 degrees produces a 
compression stress of OSf ,  normal to the side face and a 
shear stress of OSf.  acting on the side face. Only the shear 
stress component is shown in the elevation view of Fig. 7(b) 
because it is only the shear component that transfers moment 
to the joint. 

M,, = ~ X - X C , X  2 (5)' 
It is convenient to add the moments M p d  M,., to produce 

the total moment carried by concrete compression stresses 
acting parallel to the plane of the slab M,. 

Equation (7) applies to square or rectangular columns. It 
can be shown that for the case of a round column of radius R. 
the corresponding expression for M, is 

Reinforcing steel framing directly into the joint contributes 
to the unbalanced moment as either tension or compression 
reinforcement and by iransfemng horizontal dowel forces on 
the side faces of the joint. Because the expressions for M, 
neat the joint faces as if they are solid concrete. some ailowpce 
should be made for the concrete displaced by compression 
reinforcement. Ignoring dowel forces, a simple estimate for 
the moment carried by steel on one face of the connection is 

M,, = A , i x V ; - f ; ) x h '  (9) 

where A,[ is the area of compression reinforcement framing 
into the joint face and h' is the distance between the centroid 
of the top and bottom bars. For the specimens with Type I11 
loading, M,, is taken equal to M,,. For the specimens with 
Type I loading, both the upper and lower mats of reinforcement 
are engaged in tension and there is the potential to generate 
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M,ri on hoth the front and back Faces  ift the joint. This requires 
the reinforcing bars to go from tension to compression yield 
within the length of  the slab-column joint. a circuinstance 
that is considered plausible given the highly confined state of 
the joint. As a result, M,y is taken as twice M,,' for specimens 
with Type I loading. 

I t  is useful to replace M, with a coiipie formed by two 
compression forces labeled C,. as shown in Fig. X. For s p e c -  
mens with rectangular columns. thc magnitude of Ct is given hy 

Based on the rectangulx Ilcxural stress block parameters 
describzd in the ACI 3lX' standard/; = 0.XS.j;l is a reasonable 
limit if  compression failure of the concrete governs the 
magnitude of C<.. Alternaiively. coiisidering u free body 
diagram of one of the slab c:intilevcrs. horizontal cqiiilihrium 
requires that C,. he inatched hy an cqual tension in the reinfbrcing 
steel. Therefore, the magnitude <if C, niay he liiiiited by the 
available tension reinforcement. 

For specimens with Type I loading. with hoth top and bottom 
reinforcement engaged in tension, the numher of reinforcing 
ban potentiaily available to equilihratc C,.ís 32 less the numher 
of top and bottom bars passing through the column. Note that 
the tlexural contrihutioii of  bars passing throiigh the column 
is accounted for i n  the calculatioii (if M,. For specimens wiih 
Type 111 loading. o n l y  the top reinforcement is engaged i n  
tension. limiting the total nomher ofavailahle hars to I6 less 
the number of top hars passing through the column. Tahle 2 
lists values for C, c«nsistent with the two limits expresed in 
Eq. (9). Two specimens, B l h  and C17. are governed by 
yielding o f  the reinforcenient. 

A revised expression for M, that accounts for the potential 
limit imposed by slab reinforceiiieiii is 

Table 2 presents predicted values of  uiib;ilanced moment 
at failure and ciiinpares these to lest results. For relerence. 
predictions based on ACI 318' are alsu provided. 

DISCUSSION 
The results listed in Tihie 2 show that the tests hy Hanson 

and Hanson are well predicted by the limit unülysis de- 
scribed in this paper. The analysis tends to underestimate the 
capacity of the connection. This is somewhat siirprising. 
Given the aggressive assumptions with regard to concrete 
rupture and loading geometry that were used i n  calculating 
M,. i t  is difficult ti) iinagine how theconcrete might coiitnhute 
further to monient transfer. I t  is possible that hiaxial and tri- 
axial loading effects increased fhe apparent strength ofihe con- 
crete at the face of- the .ioinf. Apiirf from some additional 
strength that may he attrihuted to horizontal dowel forces on 
the side faces of the joint. ignored in the analybis. all potential 
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Table 2-Results of analyses 

Cirfficlrnl of vanation. 5 -. 

moment transfer capacity that can he attributed to slab rein- 
forcement in thc joint has been included. 

The lowest test to predicted ratios are for Specimens C8 
and C17. These specimens have rectangular columns with q 
greater than ci, making the contribution of dowel forces on 
the side faces proportionately less significant. The larger 
column width reduces the clamping effect of the axial 
compression in ihe column. In the case of Specimen C8, this 
comhined with the smaller value of L‘ , ,  the highest reported 
yield strength. and Type I loading would make the bond 
stresses needed tu justify the calculation of M,r unlikely. Recall 
that in calculating M ,  h r  Type I specimens it was assumed 
thai reinforcement could pass from tension yield to compression 
yield within the length i’,. 

Although listed a\ punching failures, this analysis suggests 
Specimens 616 and C17 were limited by the available rein- 
forcement. Hanson and Hwson also report that these specimens 
exceeded their ultimate flexural capacities before failing in 
shear. An alternate explanation is that the compressive 
stresses at the face of the joint became critical at about the 
sanie moment that the slab flexural reinforcement reached 
yield. This is analogous to a beam with close to balanced 
reinforcement. failing in tlexure hut with limited ductility. 

While the results obtained using ACI 3 18 listed in Table 2 
are all safe. their higher coefficient of  variation indicates less 
rcliability than those obtained using the limit analysis. The 
procedure of increasing the transverse shear stress with a 
fictional shcau \tress calculated from unbalanced moment 
&res not agree with test results as well as a simple limit analysis 
that uses straightforward fdilure criteria. In particular, the 
r»niputatii>nal complexity of the terms J and x, used in Eq. (I) 
dires not seem justified. 

This does not mean that the code procedure is inappropriate 
fur design. So long as its application is confined to the critical 
section for which i t  was empirically tuned. the code procedure 
may provide a reasonable metric for the severity of loading 
at a slab-culumn connection. If there is any danger, it lies in 
accepting as sound the mechanics upon which the code 
procedure is hascd and applying these mechanics at critical 
sections more distant from the column. 

The analysis shows [hat while il fraction ofthe unbalanced 
moment can hc attributed to trilnsverse shear, this fraction 
was much smaller than yv for the tests reported in Hanson 
and Hanson. In a prototype slab-column system. the fraction 
of unh;ilanced nioment carried by shear would be smaller 
still. roughly equal I» the ratio ofthe column dimension cI to 
the sum of the spans on either side of the connection. 
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Fix. 9-Slalically equivalen1 load cases. 

in a laboratory test, it is possible to increase the fraction of 
unbalanced moment attributable to transverse shear. For 
example, consider an isolated connection specimen with a 
small portion of attached slab that extends out from the column 
to roughly the first point of radial inflection. By providing 
simple supports on the perimeter of the slab and loading the 
column so as to produce a high ratio of moment to shear, one 
might achieve a value of y” consistent with that estimated by 
code. The proximity of the slab sup@ reactions to the column 
greatly reduces the eccentricity of slab load slab and increases 
the fraction of unbalanced moment carried by shear; however, 
such a load case would be atypical for a prototype slab- 
column system, 

Figure 9 illustrates two possible combinations of shear and 
moment to transfer a given unbalanced moment at a slab- 
column connection. in Fig. 9(a), the unbalanced moment is 
mainly the resuit of the vector sum of the slab bending moments 
on the front and back faces of the column. The fraction of 
moment transferred by shear is small. Such a connection is 
typical of those tested by Hanson and Hanson. A prototype 
structure would also behave this way. In Fig. 9(b), the 
connection transfers the same total unbalanced moment; 
however, in this case it is largely the result of significant 
transverse shears. This behavior would be consistent with an 

201 



isolated connection specimcn with a relatively small slah 
supported on all sides. Although these two cases are clearly 
distinct, they are treated identically by the code. 

CONCLUSIONS 
Despite being described as shear failures, the seven spec¡- 

mens tested reponed by Hanson and Hanson2 and analyzed 
herein were not critically loaded in transverse shear. Instead, 
they failed by rupture of concrete in compression, much like 
over-reinforced beams. At a slab-column connection, such a 
failure would be indistinguishable from a punching failure. 

An equilibrium analysis shows that the total unbalanced 
moment should be considered in two parts. The fust is atuibuted 
to transverse shear and the second to flexural forces in the 
plane of the slab. The relative magnitude of these two 
components is a function of the span and loading geometry 
and the column dimension cI. 

Although the predictions of the ACI Code are safe, a simple 
limit analysis provides a substantially better explanation of 
the ultimate behavior of these tests. The calculation of y,, and 
J ,  is an unnecessary complication and does not reflect the 
mechanics of load transfer at a slab-column connection. 
While the code model may provide a reasonable measure of 
the severity of loading at a slab-column connection, the 
assumed internal stress distribution the model is based on is 
fundamentally wrong. Exuapolating the d e  model to critical 
sections located beyond d/2 from the suppon is not justified. 

Unbalanced moment produces substantial in-plane tlexurai 
forces that are ignored in the code approach. These forces are 
far more significant than the Wansverse shears and account for a 
substantially greater fraction of the total unbalanced moment. 
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