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ABSTRACT 

In an earlier study the authors proposed a beam analogy procedure to assess the unbalanced bending moment 

strength of unbonded post-tensioned interior slab-column connections without shear reinforcement. In the present 

investigation the proposed approach is applied to a number of test results on post-tensioned slab connections 

reported in the literature. It is found that for connections subjected to pure shear or gravity loading, good predictions 

of the punching capacity are obtained; the mean value of test to calculated punching capacity is 0.98 with a standard 

deviation of 0.17. For the case of the relatively few slab-column connections subjected to shear and unbalanced 

moment loading, the predictions are quite conservative in most cases. The mean value of test to calculated 

unbalanced moment strength is 1.09, however a higher standard deviation of 0.39 is obtained. It is concluded that 

more realistic tests on post-tensioned slab-column connections are needed in order to verify the general applicability 

of the beam analogy approach. In addition it is suggested that the method should be refined to account for the 

influence of cracking on the torsion-shear interaction, in order to yield more consistent results. 
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1. INTRODUCTION 

The adoption of unbonded post-tensioned flat slabs in building construction such as parking structures, industrial 

buildings and apartments offers several important economic advantages. For example such slabs in the form of flat 

plates may be quite thin and flexible with span to depth ratios L/h of around 45 to 50 being quite feasible. 

Furthermore such slabs can cope with situations of high live loads which together with long spans make the control 

of deflections particularly significant. Here a proportion of the imposed vertical load can easily be counteracted or 

balanced by the prestressing.   

Unfortunately the slab-column junction of unbonded post-tensioned flat plates has always been problematic for 

designers since such structures are quite susceptible to a sudden punching type of failure at the slab-column 

connection. This may on occasion initiate a progressive collapse throughout the structure [1]. At an internal column 

of a flat slab structure the application of pure gravity or shear loading may trigger punching failure. However such 

failures become a more critical design consideration when the slab-column connection is subjected to transfer of 

shear and unbalanced bending moments. The shear stress distribution in the slab around the column becomes non-

uniform which effectively reduces the shear strength at the junction. Such scenarios are quite common in buildings 

under the influence of horizontal wind loadings or earthquake effects [2].  

One of the general methods that have been developed for the analysis and design of slab-column connections 

transferring shear and unbalanced moments is the beam analogy where the slab adjacent to the column is considered 

to act as beams running in two orthogonal directions framing into the column faces. The strips of slab that constitute 

the beams are subjected to shear forces, bending moments and torsional moments and it is assumed that 

redistribution of these actions can take place if necessary between the beams. The latter are assumed to be capable 

of developing their ultimate shear forces, bending moments and torsional moments. Furthermore interaction effects 

at the critical section close to the slab-column junction are considered [3, 4]. Unfortunately the method just referred 

to is difficult to apply on account of the large number of limiting combinations of bending, torsion and shear which 

have to be considered. In addition the method does not make any allowance for enhanced torsional shear strength 

due to two-way slab action. 

Park and Islam [5] proposed a relatively simpler beam analogy approach where the unbalanced bending moment 

strength is given by a single equation. However they neglected any possible influence of compressive membrane 

action on the flexural strength. Also the enhancing effects for shear and torsion were made by simply doubling the 

maximum vertical and torsional shear stresses on the critical faces near the slab-column junction, in comparison to 

the limits normally used for beams. Furthermore the beam analogy approach of Park and Islam was developed for 

reinforced concrete slabs. Consequently Franklin and Ajayi [6] proceeding along the lines of Park and Islam 
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proposed a modified beam analogy procedure applicable to unbonded post-tensioned flat slab -column connections 

without shear reinforcement. However, in contrast to the method of Park and Islam, their beam analogy takes into 

account the enhancing effects of compressive membrane action in relation to torsion, shear and flexure inclusive in 

a more comprehensive and logical fashion. In the present study the authors approach is compared with available test 

results on post-tensioned flat slabs in order to ascertain its validity and usefulness. 

 

2. METHODOLOGY 

2.1 Summary of the Proposed Approach 

The strength of a slab-column connection subjected to pure vertical or shear loading is given by the expression 

 

    dc2dc2d
f

f3.0
682.2V 21

cu

pc
o 














  

 

The modified beam analogy for the unbalanced bending moment strength of the slab-column connection may be 

summed up by the equation 
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where the bending moment contribution is listed first, followed by the vertical shear contribution in square brackets 

and lastly the torsional moment terms in that order. The modification factor for the compressive membrane 

enhancement, (1+ H/2To) has been applied to the vertical shear and torsional moment contributions as shown in 

Equation (2). It is also applied in the expressions for the flexural moments mu and mu′, however this is not 

immediately explicit. A complete description of all the terms and symbols in Equations (1) and (2) is given in [6] 

and will not be repeated here. 

 

2.2 Post-tensioned slabs and models utilized for present study 

Over the past 5 – 6 decades numerous tests have been conducted to simulate the punching phenomenon in flat slab-

column junctions. However tests on unbonded post-tensioned flat slabs or plates are still relatively few in contrast to 

their reinforced concrete counterparts. Mention must be made of the pioneering tests of Scordelis et al [7] and other 

investigators [8 – 10] which largely influenced American and British thinking on the punching problem. More 

recently several other tests of varying significance utilizing post-tensioned flat slab models have been conducted [11 

– 16]. Unfortunately several of these models did not adequately simulate the boundary conditions existing in 

prototype structures and additionally had span/depth ratios which were unrepresentative of those normally occurring 

in practice. Furthermore a large number of the tests conducted were intended to study the post-punching behaviour 

of prestressed flat slabs [17].  

There is a scarcity of realistic tests reported in the literature on post-tensioned slab-column models subject to 

moment transfer loading. A notable exception in this regard is the tests of Franklin and Long [18] who employed 

models extending to mid-span which as a consequence could develop compressive membrane in- plane forces that 

normally arise in continuous structures. Also the increase in tendon forces at failure recorded for these models are 

approximately of the same magnitude as observed in multi-panel structures. More significantly, since a number of 

the models were statically indeterminate, meaningful load-deflection relationships were obtained and redistribution 

of moments could take place as in multi-panel structures. Other advantages that arise from the use of such models 

have been noted by Franklin [17]. 

In the present investigation the models of Scordelis et al [7], Grow and Vanderbilt [8], Smith and Burns [9] and 

Regan [10] have been selected. These models have been categorized as being subject to pure gravity or shear 

loading. For combined shear and transfer of moment loading, the tests of Franklin and Long [18] in addition to the 

tests reported by Hawkins [19] have been utilized. The latter models of Hawkins have been included to supplement 

the relatively few tests involving moment transfer loading. 

 

 

 (1) 

(2) 
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3. RESULTS AND DISCUSSION 

Table 1 shows a comparison of the predicted punching capacities using the proposed modified beam analogy 

formula as given by Equation (1) with the experimental loads for slabs subjected to pure shear or vertical loading. 

The agreement between calculated and experimental punching capacities can be seen to be generally good despite 

the wide range of variables found in the tests. The mean ration of test to predicted punching capacity, VT/Vo is 0.98 

with a standard deviation of 0.17. 

 

Table 1. Comparison of predicted punching capacities with test results 

Investigator Specimen Concrete 

strength, fcu 

(N/mm
2
) 

Effective 

depth, d 

(mm) 

Average 

concrete 

prestress, 

fpc (N/mm
2
) 

Punching 

capacity in 

test, VT 

(KN) 

Predicted 

punching 

capacity, 

Vo (KN) 

VT/Vo 

Scordelis et 

al [7] 

S5 25.3 76 1.72 267 344 0.78 

S6 40.5 92 1.72 349 429 0.81 

S7 24.9 111 3.45 540 566 0.95 

S8 37.5 92 3.45 443 443 1.00 

S9 37.7 92 1.72 467 507 0.92 

S10 40.2 92 3.45 525 521 1.01 

S11 44.2 194 2.07 1001 1129 0.89 

S14 41.4 143 2.59 747 758 0.99 

Grow and 

Vanderbilt 

[8] 

G3 35.7 51 1.16 114 142 0.80 

G4 31.1 51 1.90 119 144 0.83 

G5 39.5 51 1.93 125 144 0.87 

G6 36.6 51 2.31 115 145 0.79 

G7 38.2 51 2.69 125 146 0.86 

G8 40.3 51 3.06 142 146 0.97 

G10 37.9 51 3.70 145 148 0.98 

G12 35.3 51 4.52 155 151 1.03 

Smith and 

Burns [9] 

S1 37.5 54 2.26 112 153 0.73 

S2 36.1 54 2.26 121 153 0.79 

S3 39.9 54 2.26 135 153 0.88 

Regan [10] DT2 50.1 184 8.9 832 752 1.11 

DT3 54.0 184 8.9 962 1085 0.89 

DT4 59.0 184 2.8 715 686 1.04 

DT5 58.2 184 8.9 910 745 1.22 

DT6 53.7 182 8.9 832 736 1.13 

DT8 57.0 178 2.2 676 644 1.05 

DT9 56.2 184 8.9 806 747 1.08 

DT10 54.7 184 8.9 832 748 1.11 

EL1 49.9 141 8.0 475 663 0.72 

EL2 48.3 140 8.0 608 492 1.24 

EL3 47.9 140 8.0 645 489 1.32 

EL4 54.7 140 8.0 715 488 1.47 

EL5 38.7 140 8.0 510 498 1.02 

   

Predicted punching capacities for several of the models of Scordelis et al [7] are unsafe. For these lift slabs the 

majority of the specimens developed the full moment capacities at the perimeter of the slab collars. Also the 

experimental load-deflection plots suggest a pronounced influence of flexural effects on the punching failure. Hence 

the possibility of flexural failure by the formation of yield lines in the slab should be considered. Model S5 of this 

test series had a very low effective depth of the prestressing tendons (≈ 0.5 x slab thickness) which is certainly 

untypical of most lift slab structures. 

Flexural effects also appear to predominate in the tests of Grow and Vanderbilt [8]. In fact tendon stress increases of 

the order of 200 % were observed for tendons passing through the column in some cases. For the tests of Smith and 

Burns [9], model S1 had no bonded reinforcement over the column and just prior to failure the initial crack widened 

considerably in lieu of new ones forming. In the other two specimens of this series all the bars passing through the 
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column yielded long before failure. Franklin et al [20] and Franklin [17] have suggested that all the three models of 

the series failed by the formation of a yield line mechanism. 

The predicted punching capacities for the tests of Regan [10] are conservative and generally satisfactory with the 

exception of models DT3 and EL1 which failed in bending with yielding of the longitudinal reinforcement and 

crushing of the concrete across the full width at mid-span. It should be noted here however that all the models of 

Regan were only prestressed longitudinally and had ordinary reinforcement in the transverse direction. The models 

were intended to represent the regions around intermediate column supports of prestressed slab bridges. Since the 

vast majority of the tests ended in punching failures and all the test specimens contained non-prestressed bonded 

reinforcement, it can be inferred that the latter helped to control cracking and allowed redistribution to occur, with 

the result that the full ultimate capacity was attained at the critical sections. 

In Figure 1 values of test punching capacities VT are plotted against the predicted values Vo. It is obvious that the 

linear relationship shown (represented by the equation VT = Vu) is a reasonable approximation to the results. 

 
 

 
Figure 1. Plot of test versus predicted punching capacities for models under pure shear loading 

   

Table 2 shows the comparison of the predicted unbalanced bending moment strength Mu with the measured result 

MT for the models of Franklin and Long [18] and Hawkins [19]. The proportions transferred by flexure, shear and 

torsion are also indicated. Also shown in Table 2 is a comparison of the predicted ultimate shear force Vu based on 

the proposed beam analogy procedure with the measured values VT. The overall mean ratio VT/Vu is 0.89 with a 

standard deviation of 0.18 while if the result of specimen 7B is ignored, the mean value of the ratio MT/Mu is 1.09 

with a standard deviation of 0.39. 

The unsafe predictions of ultimate shear force for models 1, 3 and 4 of Hawkins [19] are likely due to the fact that 

the amount of bonded reinforcement over the column region was insufficient to provide the redistribution of actions 

necessary for the slabs to attain their maximum shear capacity. However this factor should also be coupled with the 

unusual lateral loading technique adopted, the unrealistic span to depth ratios of the specimens and the interaction of 

the several variables investigated in the tests [18]. The unsafe predictions of the punching shear force for models 5B 

and 3M of Franklin and Long are probably due to the fact that model 5B failed on account of the formation of an 

overall flexural mechanism and that there was an absence of bonded reinforcement along the east-west column 

centreline for model 3M. 

The unsafe prediction of unbalanced bending moment strength for model 3M of Franklin and Long (i.e. MT/Mu < 1) 

is probably caused by the absence of bonded reinforcement as noted previously. In fact Franklin and Long 

concluded that extra bonded reinforcement should be provided at all critical locations to ensure that a structure has 

sufficient strength and ductility. However this omission should also produce a similar outcome in the result of 
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model 5B; the reason for MT/Mu of this model being as high as 1.31 is uncertain at this stage. Models 1, 3 and 4 of 

Hawkins developed large deflections prior to failure by punching, but apparently moments did not increase all the 

way to failure for all three specimens thus explaining the unsafe predictions for unbalanced bending moment 

strengths. 

In Figure 2 for the combined loading cases examined, values of the ratio of measured to predicted unbalanced 

bending moment strength MT/Mu are plotted against values of the ratio of measured to predicted ultimate shear 

capacity VT/Vu. It can be seen from Figure 2 that the predictions of unbalanced bending moment strength are 

conservative for several of the models shown. In fact the linear relationship shown (represented by the equation 

MT/Mu = VT/Vu) may not be satisfactory due to the factors discussed earlier. Additional realistic tests on post-

tensioned slab-column connections may be needed to supplement the relatively few test results existing in the 

literature in order to assist in the verification of the applicability of the current beam analogy procedure. A further 

consideration which has not been discussed thus far but is worth mentioning at this stage is the influence of cracking 

on the torsion-shear interaction. The proposed beam analogy as exemplified by Equation (2) for the unbalanced 

bending moment strength Mu does not take this into account. This aspect if considered would almost certainly 

modify the torsional strength contribution in Equation (1) and consequently affect the MT/Mu ratios for all tests 

incorporating combined loading. 

 

Table 2. Comparison of predicted shear strength and unbalanced moment strength with test results 

Investigator Specimen Concrete 

strength, fcu 

(N/mm
2
) 

Average 

concrete 

prestress, 

fpc (N/mm
2
) 

Punching 

shear force 

in test, VT 

(KN) 

Vo(1+H/2To) 

(KN) 

 

Predicted 

ultimate 

shear force 

Vu (KN) 

VT/Vu 

Franklin 

and Long 

[18] 

1B 47.8 2.97 100 132 93.9 1.06 

5B 51.5 2.43 57.6 125 62.6 0.92 

6B 46.5 2.43 55.2 124 51.6 1.07 

7B 47.5 2.43 128 126 126 1.02 

2M 47.2 3.09 103 138 98.5 1.05 

3M 46.3 2.53 74.5 126 82.4 0.90 

4M 50.5 2.53 79.4 126 71.7 1.11 

Hawkins 

[19] 

1 26.5 1.10 301 758 464 0.65 

3 25.1 1.89 305 781 438 0.70 

4 26.2 1.10 315 758 564 0.56 

5 24.8 1.10 113 755 146 0.77 

6 20.7 1.10 288 725 354 0.81 

 

Table 2 (continued) 

Specimen Eccentricity 

e/L 

Measured 

unbalanced 

moment, 

MT (KNm) 

Portion of Mu transferred by various 

actions listed below 

Predicted 

unbalanced 

strength, 

Mu (KNm) 

MT/Mu 

Flexure Shear Torsion 

1B 0.039 11.9 0.64 0.18 0.17 9.48 1.26 

5B 0.090 13.2 0.41 0.36 0.23 10.0 1.32 

6B 0.122 17.1 0.40 0.37 0.23 9.89 1.73 

7B 0 0 1 – – 4.06 0 

2M 0.038 8.94 0.60 0.21 0.19 9.06 0.99 

3M 0.050 7.98 0.46 0.31 0.23 8.85 0.90 

4M 0.070 13.7 0.46 0.30 0.24 8.39 1.63 

1 0.059 70.7 0.23 0.54 0.23 96.2 0.73 

3 0.072 87.0 0.25 0.52 0.23 107 0.81 

4 0.033 41.1 0.25 0.53 0.22 97.9 0.42 

5 0.302 136 0.19 0.62 0.19 122 1.11 

6 0.094 107 0.26 0.54 0.20 95.6 1.12 
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          Figure 2. Values of test to predicted unbalanced moment strength plotted against values of test to  

predicted ultimate shear force 

 
4. CONCLUSIONS 

The results of the present investigation involving a comparison of the beam analogy approach previously developed 

with test data reveal the following: 

a) Predicted values of punching capacity for pure shear or gravity loading situations are in very good agreement 

with results of model tests on unbonded post-tensioned slab-column specimens incorporating a wide range of 

variables. 

b) For cases of combined shear and transfer of moment loadings, predicted values of unbalanced bending 

moment strengths are generally conservative. In the relatively few cases where the predictions are unsafe, this can 

be attributed to the provision of insufficient amount of ordinary bonded reinforcement at all critical locations. 

c) The authors approach for the calculation of the unbalanced bending moment strength takes no account of the 

influence of cracking on the torsion-shear interaction. Consequently the proposed equation for unbalanced bending 

moment strength may require some modification to include this effect. 
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