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SUMMARY 
 
Because many shear design techniques rely on empirical equations derived from rather small 
scale experiments there is concern that these traditional techniques may give unconservative 
estimates of shear strength when applied to very large reinforced concrete members with small 
amounts of shear reinforcement. This paper will describe the loading to failure of a strip from 
a four metre thick slab and the associated challenge issued to engineers to predict the shear 
response. Also discussed is the shear response of heavily reinforced coupling beams for shear 
walls.  
 
 
INTRODUCTION 
 
Deficiencies in the shear design of concrete structure are inherently more dangerous than 
deficiencies in flexural design because shear failures can occur with no prior warning and with 
no possibility for redistribution of internal forces. While accurate assessment of the shear 
capacity of a reinforced concrete structure is critically important for public safety, the traditional 
techniques available for this task are open to dispute. For determining flexural capacity 
engineers can use the simple, accurate, general and internationally accepted “plane sections 
theory”. However, for finding shear strength engineers typically rely on restricted empirical 
equations whose applicability and accuracy are sometimes very questionable.  
 
Mat or raft foundations for high rise buildings were in the past typically constructed to be thick 
enough not to need shear reinforcement according to traditional shear design procedures (e.g. 
ACI 318 2014). In a departure from this tradition the 5.33 m thick mat foundation of the 73 
storey Wilshire Grand building (Nieblas 2014) now under construction in Los Angeles does 
contain significant amounts of shear reinforcement, see Figure 1. This reinforcement was 
specified partly to alleviate concerns with the so called “size effect” in shear which is based on 
the observation that as depth of reinforced concrete members without shear reinforcement 
increase the shear stress to cause failure decreases(Collins and Kuchma 1999). The size 
effect in shear is predicted by the Modified Compression Field Theory (MCFT Vecchio and 
Collins 1986) which forms the basis of the shear provisions of the AASHTO-LRFD “Bridge 
Design Specifications”, the Canadian Standard “Design of Concrete Structures”, CSA A23.3-
14 and the fib “Model Code 2010”. These procedures predict that the shear capacity of a slab 
such as that shown in Figure 1 in regions without shear reinforcement can be less than one 
third of the shear strength predicted by ACI. To verify these predictions it was decided to 
fabricate and test to failure a strip from a four metre thick slab, see Figure 2. 



 

 

 
Figure 1. Reinforcement in mat foundation of Wilshire Grand   
 

 
Figure 2. Strip from four metre thick slab and 300 mm deep traditional size shear specimen 
 
 
  



 

 

MODIFIED COMPRESSION FIELD THEORY (MCFT) 
 
The shear design procedures developed at the University of Toronto over the last 40 years 
(Collins 1978) by studying reinforced concrete elements loaded in pure shear will be briefly 
summarized before discussing the current experiments. Figure 3 shows the five equilibrium 
equations, five geometric conditions and five stress-strain relationships of the MCFT. In the 
upper part of the figure the equations deal with average stresses, average strains and the 
relationships between average stresses and average strains. Average stresses (e.g. fsx) and 
average strains (e.g. εx) correspond to stresses and strains averaged out over lengths long 
enough to damp out the local variations that occur at cracks and between cracks. The bottom 
five relationships in the figure are concerned with stresses at a crack (e.g. fsxcr), the crack width 
and the maximum shear stress that can be transmitted across the crack. The term vci stands 
for shear stress transmitted across the crack interface. The average stress-average strain 
relationships for cracked concrete given by Eq. 13 and Eq. 14 in Fig. 3 are the result of 
experiments on reinforced concrete elements tested in pure shear. For higher strength 
concretes more accurate results are obtained if the 170 coefficient in Eq. 14 of Fig. 3 is 
replaced by 3fc’ where fc’ is in MPa. The relationship used for determining the ability of the 
crack surfaces to transmit the interface shear stresses, Eq. 15 in Fig. 3, was derived from the 
aggregate interlock experiments of Walraven (1981). Note that this shear stress limit is a 
function of the crack width, w, the maximum aggregate size, ag, and the concrete cylinder 
strength, fc’. 
 

 
  Figure 3:  The modified compression field theory (MCFT) 
 
The 15 equations of the MCFT can be conveniently solved using program Membrane available 
on the web (Bentz 2014).To use the MCFT to predict the load-deformation response of a 
reinforced concrete beam such as that shown in Fig. 4, the beam could be represented as a 
two dimensional grid of elements with the response of each element being predicted by the 
MCFT. This is the basis of non-linear finite element programs such as VecTor2 (Vecchio 2014). 



 

 

If such a program is used to analyze the beam it will be found that in zones extending for a 
distance of about d away from the point loads and the reactions, there will be significant vertical 
compressive stresses in the concrete. These clamping stresses will enhance the shear 
strength of the elements in these zones making it probable that the shear failure will occur 
outside of these zones. For beams with short shear spans the zones with significant clamping 
stresses will overlap and the shear strength of the beam will be considerably increased. In 
these “disturbed regions” the shear stress distribution over the depth of the beam is influenced 
by the distribution of the clamping stresses and near the loads and reactions, plane sections 
do not remain plane.  
 
Outside of the disturbed regions it is appropriate to assume that plane sections remain plane 
and that the clamping stresses are negligible. With these two assumptions a beam cross-
section can be modeled as a stack of biaxially stressed elements with the response of each 
element being predicted by the MCFT.  This is the basis of program Response (Bentz 2015) 
which can be used to predict the shear stress distribution over the depth of the beam and the 
complete load-deformation response of concrete sections subjected to shear, flexure and axial 
load, see Fig. 4.   
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  Figure 4:  Levels of Approximation in MCFT Analyses 
 
If only the shear strength of a beam cross-section is required, then the web of the beam can 
be approximated by just one biaxial element located at mid-depth and the shear stress on the 
element can be assumed to be V/(bwdv)  where bw is the web width and dv is the flexural lever 
arm which can be taken as 0.9d.  The longitudinal strain, εx, at mid-depth of the beam can be 
found from the calculated strain in the longitudinal flexural reinforcement and the assumption 
that plane sections remain plane.  For a given value of εx the failure shear stress can then be 
calculated from the MCFT as the sum of two terms, Vc and Vs, see Fig. 4. This simplified MCFT 
sectional design model for shear (Bentz and Collins 2006) is the method used in the Canadian 
code CSA A23.3-14 (2014). 



 

 

The unfactored shear strength, Vn, of a section as calculated by the Canadian code can be 
determined from the following equations where the unfactored failure shear stress vn is defined 
as Vn/(bwdv) where dv can be taken as 0.9d:   
 

 cyzcn fffv  25.0cot  (1) 

 
The aggregate interlock parameter β primarily depends on the width of the cracks and size of 
the aggregate ag. As crack width depends on both the average tensile strain in the cracked 
concrete and the crack spacing it is not surprising that the expression for β derived from the 
MCFT has a strain term and a crack spacing term. The equation is   
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The longitudinal strain at mid-depth, εx, can be conservatively taken as one half of the tensile 
strain in the flexural tensile reinforcement. Allowing for the tension in the longitudinal 
reinforcement caused by the shear and assuming that there is no axial load or prestressing 
gives  
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where M/V is the ratio of bending moment to shear at the section being considered and ρl is 

the geometric ratio of the area of longitudinal flexural tension reinforcement to the shear area. 
That is: ρl =As/(bwdv). 

 
If the member contains more than the specified minimum amount of shear reinforcement (i.e. 

cyz ff  06.0 ) then it can be assumed that the crack spacing will be well controlled and 

hence sxe can be taken as 300 mm which reduces the crack spacing term in Eq. (2) to unity. If 
the member contains only concentrated longitudinal reinforcement then the spacing of vertical 
cracks near mid-depth of the member, sx, is assumed to be equal to 0.9d.  To allow for the 
influence of aggregate size the effective crack spacing, derived from Eq.(15) in Fig.3, is taken 
as: 
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For high strength concrete the cracks will go through the aggregate rather than around the 
aggregate particles leading to smoother crack surfaces with less aggregate interlock capacity. 
To account for this, if fc’ exceeds 70 MPa the term ag in Eq. (4) is taken as zero.  As fc’ goes 
from 60 MPa to 70 MPa, ag is linearly reduced to zero. As an additional allowance for the low 

aggregate interlock capacity of high strength concrete the term cf   in Eq. (1) is not allowed 

to exceed 8 MPa. 
 
The MCFT predicts that the angle of the principal compressive stress, θ, at shear failure for 
members with shear reinforcement depends primarily upon the longitudinal strain, εx as: 

 

 x 700029   (5)   

 
 
  



 

 

DESIGN OF THE SLAB STRIP SPECIMEN 
 
The large slab strip specimen, called PLS4000, was designed so it would fail first in the 12 m 
long east shear span not containing shear reinforcement, see Fig. 5 . With a simple span of 19 
m the specimen was loaded by its own substantial self-weight, 24.4 kN/m, and an off-centre 
point load. The nine high strength steel bars acting as flexural tension reinforcement had a 
total yield force of 3610 kN giving the section a flexural capacity of about 13100 kNm. Thus 
the magnitude of the point load to cause flexural failure of the specimen was predicted to be 
2730 kN. 
 

 
Figure 5. Details of the 4 m thick slab strip specimen PLS4000 

 
Figure 6 summarizes the calculations involved in predicting the values of the point load, P, 
which will cause shear failure of PLS4000 and of the small companion specimen PLS300. 
Equation (6) given below is the SI unit version of the “basic expression for Vc” developed in 
1962 (ACI-ASCE 326) and still used in ACI 318-14 (2014). The expression was derived based 
on the correct assumption that the failure shear stress will decrease as the stress in the flexural 
tension reinforcement increases and by determining the coefficients based on empirically fitting 
to the failure shears from 194 relatively small beams. 
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For PLS4000 three sections along the east shear span are checked in Fig. 6 (a): Section 1, d 
from the face of the support; Section 2 half-way along the shear span; and Section 3, d from 
the face of the load. As load P is increased the moments and shears at these three sections 
increase from the self-weight values to the predicted failure values. It can be seen that Section 
1 has the smallest increment of shear to cause failure giving an ACI prediction for the 



 

 

magnitude of P at shear failure of 2530 kN which is 93% of the value of P to cause a flexural 
failure. For the small specimen self-weight is negligible and the ACI prediction of the value of 
P to cause failure is 102.4 kN, see Fig. 6(b). 
 

Equation (7) given below is the directly comparable MCFT equation to the ACI Eq. (6):  
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The resulting shear-moment interaction diagrams shown in Fig. 6 were calculated by choosing 

values of εx  calculating V from Eq. (7) and then finding the corresponding M from Eq. (3). The 

point load value predicted to cause a shear failure of the large slab, PLS4000, is  662 kN which 

is only 26% of the ACI predicted shear failure value of P while for the small specimen, PLS300, 

the predicted failure value of P is 86.2 kN or 84% of the ACI value. 
 

      
           (a)  PLS4000          (b) PLS300   

 
Figure 6.  Predicted shear failure loads of 4 m thick and 300 mm thick slab strips 
 
 

LOADING TO FAILURE OF EAST SHEAR SPAN PLS4000 
 
Specimens PLS4000 and PLS300 were cast on April 27th 2015 and loading of PLS4000 began 
on June 10th 2015 using a displacement controlled actuator. Figure 7 is the recording from the 
X-Y plotter used to control the experiment. The plotter shows the relationship between the 
magnitudes of the applied point load on the Y axis against the deflection measured by an LVDT 
directly below the point load.  Three University of Toronto professors made load-deformation 
predictions and these were plotted on the graph paper prior to starting the test.  First flexural 
cracking was observed at P = 198 kN and full load stages were taken at 250 kN, 325, 500 and 
625 kN.  At each load stage, the load was reduced somewhat to ensure safety of the students 



 

 

marking cracks and measuring crack widths.  At the end of each day of testing the load was 
reduced to zero overnight.   The other reductions in load on the graph were caused by the 
formation of major new cracks.  As the point load reached its maximum value of 685 kN (a 
value just 4% higher than the MCFT prediction) a flexural crack about 5.5 m from the east 
support began to spread upwards, crossed mid-depth with a slope of about 45° and as it 
propagated towards the point load the force applied by the displacement controlled jack 
reduced to less than 500 kN indicating a typical shear failure. At 5.5 m from the east support 
the shear at the peak load was 97.6 + 685 x 7/19 = 350 kN. After the peak load Load Stage 5 
was taken and crack widths at mid-depth were found to be up to 3 mm wide. At this stage the 
photograph in Fig. 2 was taken. After the weekend the damaged specimen was reloaded and 
reached a maximum load of only 433 kN at which load the cracks spread and widened and the 
point load reduced to just 13 kN. Load Stage 6 was taken at this stage, see Fig.8, with crack 
widths being up to 35 mm wide. 
 
Note from Fig.8 that in the east shear span there are three visible cracks which cross over mid-
depth of the large specimen and the horizontal spacings between these three cracks are 0.68 
d and 0.59 d. For the companion small specimen the spacings between the three cracks that 
cross over mid-depth, see Fig.6 (b), are 0.73 d and 0.50 d. Thus as the depth d goes up by a 
factor of 14.5, the crack spacing at mid-depth goes up by about the same ratio resulting in 
much wider cracks in the larger member for the same tensile strain in the longitudinal 
reinforcement. This is the prime reason for the size effect in shear. 
 

                      
           Figure 7. Load-deflection response of PLS4000 east  
 

 
 
                              Figure 8. East span of PLS4000 after failure 



 

 

LOADING TO FAILURE OF WEST SHEAR SPAN OF PLS4000 
 
In order to determine the shear capacity of the shorter west shear span which contained shear 
reinforcement the failed east end of the specimen was repaired by strapping that shear span 
with four pairs of 36 mm diameter post-tensioned Dywidag threadbars. The point load was then 
increased and the resulting load-deformation response is shown in Fig. 9. Load stages were 
taken when the point load reached 1000 kN, 1375 kN, 1750 kN and 2020 kN and failure 
occurred with crushing of the concrete near the loading plate when P reached 2162 kN, see 
Fig. 10.  
 

                  
                Figure 9. Load-deflection response of PLS4000 west  
 
 

 
 

Figure 10. Specimen PLS4000 after failure of short shear span with shear reinforcement 
 
Note that the shear force required to fail the shorter west shear span with widely spaced 
minimum shear reinforcement was 146 + 2162 x 12/19 = 1512 kN which is 1512/350 = 4.3 
times the magnitude of the failure shear of the longer east shear span with no shear 
reinforcement. 
 
 
PREDICTIONS SUBMITTED BY ENGINEERS 
 
Figure 11 (a) compares the experimental result from the east shear span with the 66 
predictions made by engineers who responded to the challenge of predicting the failure load 
of the very thick slab. Also shown on the plot are the predictions made by six different codes.  
Given the large range of values shown in the figure and the almost uniform distribution of 
predicted values across the entire range it is evident that predicting the shear strength of very 
thick slabs not containing shear reinforcement was a challenging task for the profession. The 
upper “red” zone in the figure identifies very unconservative predictions where the ratio of 



 

 

predicted failure load to observed failure load goes from 1.5 to 5.5. The “yellow” band in the 
figure, on the other hand, indicates the “gold standard” prediction range of plus or minus 10% 
from the observed strength. It can be seen that based on this measure, eight of the predictions 
from industry, five from academia and three predictions from codes were excellent. While 20% 
of the entries were very accurate, the concern is that 44% of the entries and two of the codes 
were in the red zone and thus made very unconservative predictions.  

 
Figure 11(b) compares the experimental value of the point load required to fail the west shear 
span with the 44 predictions made by engineers who responded to the challenge of predicting 
the failure load of the specimen if the east shear span had also contained shear reinforcement. 
Comparing Fig. 11(a) and (b) it can be seen that while 29 of the 66 entries were in the red zone 
for the east shear span without shear reinforcement, for the west shear span only one of the 
44 entries was in the red zone. Further for the west shear span 66% of the predictions were 
conservative while for the east shear span only 24% were conservative. For the west shear 
span ten of the predictions, five from industry, four from academia and the ACI value were 
within 10% of the experimental value. 
 
There are two CSA predictions shown in Fig.11 one based on sectional analysis, Eq. (1), and 
the second on a strut-and-tie (S&T) analysis. For this specimen the strut-and-tie estimate of 
failure was only 11% higher than the sectional value indicating that strut action while significant 
is not yet as dominant as it would be for a somewhat shorter shear span. 
 

     
 
               (a) East Shear Span                                             (b) West Shear Span 
 

Figure 11. Comparisons of predictions of point load P to cause failure with test results 



 

 

THE TORONTO SIZE EFFECT SERIES FOR MEMBERS IN SHEAR 
 
In designing the large slab strip specimen and its companion small specimen the shear span 
to depth ratio, a/d, the percentage of longitudinal reinforcement and the concrete strength were 
chosen so that the new specimens would be compatible with previous tests at Toronto 
investigating the size effect in shear (Collins and Kuchma 1999, Lubell et al 2004, Sherwood 
et al 2010). The eleven specimens with the similar properties are described in Table 1 and the 
experimental results are compared with the ACI and MCFT predictions in Fig. 12. It is 
interesting to note how well the MCFT predictions match the experimental results over the 
member size range where the largest specimen is 35 times as big as the smallest specimen. 
 
                  Table 1. Properties of specimens in Toronto size effect series. 
 

Name fc’ 
MPa 

ag 

mm 
 ρ 
% 

a/d bw 

mm 
d 
mm 
 

Vexp 

kN 
Vexp 

kN/m 
vexp 
MPa 

vmcft 
MPa 

vexp 

vmcft 

BN12 37.2 10 0.91 3.1  300 110 40  133 1.347 1.136 1.19 

BN25 37.2 10 0.89 3.0 300 225 73  243 1.202 1.058 1.14 

PLS300 44.8 14 0.65 3.1 175 264 47.4  271 1.140 1.037 1.10 

S-10N1 41.9 10 0.83 2.9 122 280 36.6  300 1.190 1.048 1.14 

S-10N2 41.9 10 0.83 2.9 122 280 38.3  314 1.246 1.048 1.19 

BN50 37.2 10 0.81 3.0 300 450 132  440 1.086 1.026 1.06 

BN100 37.2 10 0.76 2.9 300 925 192  640 0.769 0.721 1.07 

L-10N1 38.4 10 0.83 2.9 300 1400 265  883 0.631 0.636 0.99 

L-10N2 40.3 10 0.83 2.9 300 1400 242  807 0.576 0.647 0.89 

YB2000/0 33.6 10 0.74 2.9 300 1890 281  936 0.551 0.510 1.08 

PLS4000 40.0 14 0.66 3.1 250 3840 350 1400 0.405  0.381 1.06 

  
 

 
Figure 12. The size effect in shear for members without shear reinforcement 

 
  



 

 

HEAVILY REINFORCED COUPLING BEAMS 
 
In the design of high-rise residential buildings minimizing storey-to-storey height typically 
improves the economy of the building. Because of this the coupling beams of the shear walls 
of such buildings are often made from high strength concrete and are very heavily reinforced 
so that their depth can be minimized. There is concern that for such members the cover 
concrete may spall as failure approaches reducing the effective width of the beam. To 
investigate these concerns four full scale heavily reinforced coupling beams are to be tested 
to failure, with the completion of the first of these experiments, CBF1, being shown in Fig. 13. 
The properties of the four beams are given in Fig. 14. Note that three of the beams exceed the 
maximum amount of shear reinforcement permitted by the ACI code. 
 

 
Figure 13. Specimen CBF1 after failure, Vmax = 1918 kN, right wall pushed down 70 mm. 
 

 
Figure 14. Properties of the four coupling beams, the ACI code limits Av/Av,min  to 11 



 

 

The ACI code has traditionally limited the shear capacity of a reinforced concrete section to 10

cf   bwd with an upper limit of 1000 bwd (psi units). For CBF1 this upper limit corresponds to 

a shear force of 1064 kN or just 56% of the experimental failure shear. The simplified MCFT of 
Eq. (1) on the other hand predicts a failure shear of 1840 kN or 96% of the experimental failure 
load. Program Membrane using the full MCFT predicts that the failure shear at mid-span of the 
coupling beam, where M=0, will be 1940 kN while program Response predicts 1949 kN. The 
experimental load-deformation is compared with the predictions from these two MCFT 
programs in Fig. 15. Note that the Membrane prediction includes only the deformation due to 
shear strain. The wall displacement measuring rod, crack widths and concrete splitting and 
spalling near peak load are shown in Fig. 16. Post peak the beam continued to resist 
substantial shear as the deformation increased.  
 

 
                    Figure 15. Observed and predicted load-deformation response of CBF1 
 

                                
 
                  Figure 16. Instrumentation on back face, wall-to-wall displacement rod. 
  



 

 

CONCLUDING REMARKS  
 
This paper has summarized the shear design procedures developed at the University of 
Toronto over the past 40 years.  These procedures are based on the Modified Compression 
Field Theory (MCFT) which is capable of predicting accurately the shear behaviour of cracked 
reinforced concrete under general biaxial loading conditions. In addition the paper has 
described two current research projects one involving testing to failure of a strip from a four 
metre thick slab and the other involving loading full-scale coupling beams of shear walls.   The 
paper has summarized the 2014 Canadian shear provisions based on the MCFT and shown 
how they can be used to calculate the shear strength for a wide variety of members and 
structures.   
 
To investigate the ability of current design procedures to predict the shear strength of very 
thick slabs engineers were invited to predict the magnitude of the point loads required to fail 
the two shear spans. The shear strength of the longer shear span with no shear reinforcement 
of the very thick slab was dangerously overestimated by many engineers resulting in 44% of 
the 66 entries predicting failure loads more than 1.5 times the experimental values and 12% 
submitting predictions more than three times the experimental value. The ACI 318-14 
prediction, which ignores the size effect, was 3.7 times the experimental value while EC2 
(which underestimates the size effect) predicted 2.0 times the experimental value. It is 
concluded that these two influential shear design procedures can seriously overestimate the 
strength of very thick slabs in long shear spans not containing shear reinforcement. The 
second and more positive conclusion is that, as shown by 20% of the entries and three of the 
codes, excellent estimates of failure load for such shear spans can be made. The third and 
perhaps most important conclusion is that adding minimum shear reinforcement essentially 
eliminates the size effect in shear and so greatly increases the shear strength of very thick 
slabs. 
 
While predicted flexural capacities given by different internationally respected design codes 
agree very closely, the predicted shear capacities may differ by factors as high as three.  The 
difficulty is that shear strength is influenced by many more parameters than flexural strength 
and most laboratory experiments have been conducted on rather small specimens with a 
rather narrow range of parameters.  Because of this, the traditional empirically-based shear 
provisions can give unsafe predictions when applied to large, lightly-reinforced members or to 
members made with new materials such as high strength concrete, self compacting concrete, 
FRP reinforced concrete or members reinforced with high strength steel.   
 
Given the large number of existing concrete structures designed using shear provisions now 
known to be unconservative, and the limited resources available to increase public safety, it is 
essential that the shear design procedures used to evaluate these structures be as accurate 
as possible.  In ranking structures most in need of repair it is equally problematic to have design 
methods that for some structures are excessively conservative, such as the ACI estimate for 
the coupling beam, as it is to have methods that are for some structures dangerously 
unconservative, such as the EC2 predictions for the thick slab. Currently shear provisions 
based on the MCFT provide the most accurate estimates of shear capacity. The low scatter 
demonstrated by these provisions is despite, or, perhaps, because of the fact that these shear 
provisions are theoretically based, rather than being fitted to the experimental database.  It is 
hoped that the methods presented in this paper will allow better allocation of resources to 
structures that are most in need of repair. 
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