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a b s t r ac t

This paper explores how the shear force distributes itself among the three main shear resistance mechanisms: shear resistance of the uncracked com-
pressed chord, aggregate interlock, and dowel effect. Today’s dominating shear models, the critical crack theory (Muttoni et al. [1]) and the compression 
field theory (Collins et al. [2]) maintain that the main shear-resisting mechanism is aggregate interlock, while more recent studies (Marí et al. [3]), 
maintain that the main resistance mechanism is the shear resistance on the uncracked compression chord. 

In this paper FEM modelling is used to study a test carried out at the Universidad Politécnica de Madrid (UPM) to try to assign the shear force to the 
different shear mechanisms for different loading steps and elucidate what finally causes the failure of the structure. The results show that as load is in-
creased the relative part of the shear force taken by the uncracked compressed chord increases until, finally, shear failure is reached when the principal 
tensile stress in the area located close to the load but towards the support reaches the tensile resistance of concrete, generating a crack that precipitates 
the failure of the beam.

It should be pointed out that the study included in this paper is only preliminary and should be extended to other cases exploring different sizes, rein-
forcement ratios, etc.
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r e s u m e n

Este artículo explora cómo se distribuye el esfuerzo cortante entre los tres mecanismos principales de resistencia a cortante: resistencia del cordón 
comprimido, engranamiento de los áridos y efecto pasador. Los modelos de resistencia a cortante dominantes en la actualidad, la teoría de la fisura 
crítica (Muttoni et al. [1]) y la teoría del campo de compresiones (Collins et al. [2]), sostienen que el principal mecanismo de resistencia a cortante 
es el engranamiento de los áridos, mientras que estudios más recientes (Marí et al. [3]), sostienen que el principal mecanismo de resistencia es la 
capacidad a cortante de la cabeza comprimida. 

En este trabajo se utiliza un modelo de elementos finitos para estudiar un ensayo realizado en la Universidad Politécnica de Madrid (UPM) para tratar 
de asignar la fuerza cortante a los diferentes mecanismos de cortante para diferentes escalones de carga y dilucidar qué es lo que finalmente provoca 
el fallo de la estructura. Los resultados muestran que a medida que se incrementa la carga aumenta la parte relativa del esfuerzo cortante que toma el 
cordón comprimido no fisurado hasta que finalmente se alcanza el fallo por cortante cuando el esfuerzo principal de tracción en la zona situada cerca 
de la carga, pero hacia el apoyo alcanza la resistencia a tracción del hormigón, generando una fisura que precipita el fallo de la viga.

Hay que señalar que el estudio incluido en este trabajo es sólo preliminar y debería ampliarse a otros casos explorando diferentes tamaños, cuantías 
de armadura, etc.
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1.
introduction

The distribution of shear among the several identified mecha-
nisms which explain the shear resistance of reinforced concre-

te elements in shear has been studied by many researchers. The 
main mechanisms identified are:
• The shear resisted by the uncracked compression chord
• The shear resistance taken by aggregate interlock and resi-
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dual tensile strength
• The shear resisted by dowel effect
• The shear resisted by direct transmission of forces (arch 

effect)
 

Researchers have tried to separate these mechanisms by in-
genious testing to quantify the effect of each mechanism 
separately. While the consideration of shear resisted by the 
uncracked compression chord has been treated mostly on a 
theoretical level (mainly by computing the tensile principal 
stress), a considerable number of tests have been carried out to 
evaluate aggregate interlock. Among these are the tests carried 
out by Fenwick and Paulay [4], Taylor [5] [6], and Walraven 
[7] [8]. Walraven’s formulation was later simplified to allow 
for a closed form expression by Cavagnis et al. [9]. 
While work by Vecchio and Collins is also predominant in this 
area ( [2], [10]), it is based on the tests of reinforced concrete 
panels [10] and in the author’s opinion they do not properly 
model what goes on inside a slab where there is no distributed 
longitudinal reinforcement spaced along the vertical direction 
to control crack width. For this reason, the expressions derived 
from these tests would tend to overestimate the shear resistan-
ce of slabs without shear reinforcement.

The dowel effect has been the object of experimental stu-
dies by Krefeld and Thurston [11], Fenwick and Paulay [4], 
Baumann [12]  and Taylor [5]. From the analysis of these tests 
it is fairly clear that the dowel effect can absorb significant 
shear forces, when considered as an isolated mechanism. For 
instance, the shear force resisted by the dowel effect in the 
beams tested by Krefeld and Thurston having 30 cm of height 
(d=25 cm) and 15 cm of width, with a fairly low concrete 
strength (18 MPa) was around 16 kN, which would amount to 
a shear stress of 0.4 MPa. However, it will be shown that the 
small stiffness of the mechanism leads to the absorption of a 
very small part of the shear force during the loading process 
and the brittle behaviour of the compressed chord does not 
allow for redistribution of forces towards this mechanism that 
would allow a significant contribution from it.

The arch effect, which is significant in practical cases but 
mostly neglected in code models was of course first studied 
in-depth by Kani [13]. This effect will not be analysed in this 
paper and therefore no further discussion on it will be made.

While the study of the independent resisting mechanisms 
is interesting and worthwhile, it does not answer the ques-
tion of what the shear resistance of a beam would be since 
the different mechanisms take a part of the load depending 
on stiffness considerations and the brittleness of the mecha-
nisms leads to failure of the specimen before the maximum 
capacity of all mechanisms is achieved. Analyses studying the 
interaction of the different mechanisms have been carried 
out by different researchers. For instance, Reineck [14] uses 
constitutive laws for the different resistance mechanisms. 
However, the kinematic assumption made by Reineck and 
related to the shape of the crack is questionable. Instead of 
following a realistic shape of the actual critical shear crack 
that forms in tests, Reineck assumes that the crack does not 
propagate backwards, and that the displacement of the crack 
lips can be modelled by rotation from the end of the crack 
at the compression chord (see Figure 1). This is not what is 
observed in actual tests and a different kinematic assumption 
will be made in this paper.

Figure 1. Kinematic assumption made by Reineck, redrawn and 
adapted from [14].

Monserrat [15], also includes a sophisticated model for the di-
fferent mechanisms and obtains values for the contribution of 
the different mechanisms for the tests carried out for her PhD 
thesis. In this document she included not only the mechanis-
ms mentioned above but also the dowel effect of compression 
reinforcement, which is significant when this reinforcement 
is below the neutral axis (in fact this is related to the effect 
of longitudinal skin reinforcement as assumed by Vecchio and 
Collins), residual tensile stress, and the contribution of the sti-
rrups. Her approach is different, and results in a significant 
contribution of the dowel effect of both the top and bottom 
reinforcements. It will be shown below that the dowel effect 
in the case studied in this paper is very small.

More recent work includes other variables such as the in-
fluence of time-dependent effects [16], the influence of time 
dependent effects plus corrosion [17], the influence of the 
slenderness of the cross section [18], the effect of axial forces 
[19], while others are trying to apply artificial intelligence to 
predict shear resistance [20], [21].

2.
description of how the crack forms and 
progresses and how failure occurs

There are two classical types of shear failure in elements wi-
thout stirrups:
- The flexural-shear failure, in which the shear crack origi-

nates from a pre-existing flexural crack. The flexural crack 
progresses vertically up to the uncracked centroid of the 
section where it becomes inclined (first at 45º) with de-
creasing slope until it becomes fairly horizontal as it rea-
ches the cracked neutral axis. Simultaneously the crack 
propagates towards the support in a similar manner, even-
tually becoming parallel to the tension reinforcement. 

 This type of failure originates when the shear load is suffi-
ciently far away from the support so that bending forces 
are significant. This type of crack can be approximately 
described by using a geometry consisting in two parabolas 
which are tangent at the centroid of the section (provided 
there are no axial forces).

- The direct tension shear failure, which originates at the fi-
bre with the highest shear stress (i.e., at the centroid of the 
uncracked section if there are no axial forces). In this case, 
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the shear crack is fairly straight and connects the shear load 
to the support. This type of shear crack can also be typical 
of prestressed members. 

In this paper a detailed analysis of the first type of failure will 
be presented, using a test carried out at the Universidad Poli-
técnica de Madrid and documented in [22]: test 70-3.1-I-2P.

3.
test description

Test 70-3.1-I-2P, is a shear test of a simply supported beam 
with a span of 4.00 meters subjected to 2-point loads spaced 
0.75 m apart. The cross section is rectangular with a 50 cm wi-
dth and a 70 cm height and is reinforced with 5ϕ16 mm bars. 
The concrete was tested at 28 days and had a mean compres-
sive strength of 43.5 MPa, a mean tensile strength of 3.8 MPa 
and an elastic modulus of 28950 MPa. The dimensions of the 
cross section and the test set-up is shown in Figure 2. Failure 
occurred for a value of the load P equal to 230 kN. Figure 3 
shows a view of the specimen after failure. The shape of the 
crack is typical of a flexural-shear failure. Note the cracking 
that occurs at the top of the of the section to the left of the 
point of application of the load. 

4.
fem modelling

For the simulation of tests 70-3.1-I-2P, a 2-D finite element 
model has been developed using the software SOFISTIK, using 
4-node QUAD elements. The model has been generated using 
a python code for ease of generation and to enable the study 
of sensitivity to discretization and the future extension of the 

study to other specific cases. The model assumes the shape of 
the crack as two tangent parabolas with a length equal to two 
times its height and with the point of tangency located at the 
centroid of the uncracked cross section (see point C in Figure 
4). The definition of the shape of the crack is given in Eq. (1) .

1

4(d – yg)

1

4(yg – y)

(1)
y = r +                 (x–a–2(d–y))2     a–2(d–y)≤x≤a–2(d–yg)

a–2(d–yg)≤x≤ay = d–y               (x–a) 2

where:
y,x are the cordinates of the parabola with respect to the 

origin taken as the point located at the bottom of the 
section at its intersection with the left support

d is the effective height
yg is distance from the top fibre to the centroid of the un-

cracked section
a is the distance of load P to the support
r is the distance of the centroid of the tension reinforce-

ment to the bottom fibre
 

The lips of the crack are bridged vertically and horizontally by 
nonlinear truss elements whose constitutive laws will be des-
cribed further on. The constitutive law considered for concrete 
is a Sargin law in compression (with a mean compressive stren-
gth of 43.5 MPa) together with a linear branch in tension up 
to the sustained tensile strength (kct fctm=0.7fctm=2.66 MPa). As 
steel does not yield, a linear constitutive law has been assumed 
both in tension and compression with a modulus of elasticity 
of 200000 MPa.

The reinforcement is modelled using a thin layer of QUAD 
elements. The height of this layer is determined so that is has 
the same inertia of the actual bars to better model the dowel 
effect. This leads to an area which is not the actual area of the 
reinforcement. This however does not have a significant bea-
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Figure 2. Tests setup and cross section dimensions.

Figure 3. View of specimen after failure.



ring on the results because the behaviour of steel stays within 
the linear elastic range.

Figure 5 shows a view of the pre-cracked FEM model. Note 
that in this model the springs have a resistance that accounts 
for the tensile strength of concrete, so that the crack only opens 
as the tensile resistance is overcome. So the crack is not acti-
ve from the beginning, but forms as the load is applied along 
the predefined path. Additionally, another model without the 
non-linear springs is also used to evaluate the behaviour of an 
element without aggregate interlock. While the first model fails 
for a load very close to the experimental value of 230 kN (+10% 
→253 kN), the model without the aggregate interlock effect 
fails for a load of about 80% of the measured value (184 kN). 
For loads larger than the ones mentioned, failure occurs due to 
tension stresses in concrete developing in the area to the left of 
the point of application of the load. In fact, a sort of cantilever 
develops to the left of the applied load which is subjected to 
the axial load from integral of stresses in the compressed chord 
and bending from both the eccentricity of the normal forces 
with respect to the centroid of the resisting section and from 
the eccentricity of the applied load, as shown in Figure 7. When 
the principal tensile stress reaches the assumed tensile strength 
of concrete for sustained loading (kct fctm=0.7fctm) at the critical 
section, failure occurs. Eq. (2) shows a simplified evaluation of 
this situation, which assumes that Navier’s hypothesis is verified 
at the critical section, which is a simplification.

where:
N,M are the normal forces applied on the critical section
V is the shear force applied on the critical section
C is the integral of the compressive stresses in the com-

pression chord at the section of the applied load P. 
Δ  is the eccentricity of force C with respect to the centroid 

of the critical section
Δx is the horizontal distance between the section at which 

force P is applied and the critical section
Vcc is the shear force resisted by the compression chord
σx(y) is the normal stress at a distance y from the top fibre at 

the critical section
τ (y) is the shear stress at a distance y from the top fibre at the 

critical section
hcrit is height of the critical section
σII(y) is the principal tensile stress at a distance y from the top 

fibre at the critical section
fctm is the mean tensile strength of concrete
kct is the reduction factor for tensile strength due to sustai-

ned loading (taken as 0.7)
 

For the tangential and normal forces of the springs along the 
crack, the formulation of Cavagnis et al. [9], mentioned above, 
is used (see Eq. (3))   

(3)

35
Δ
ddg

4
3

40
w
ddg

1.8+40 δ
ddg

τw =   fcm   

400
Δ
ddg

7
3

40
w
ddg

3+40 δ
ddg

σw =   fcm   

where:
w is the crack width
Δ is the relative slip between the two crack edges
ddg is a parameter accounting for the maximum aggregate 

size: ddg=dmax+16
fcm is the mean compressive concrete strength
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Figure 4. Crack location and symbol definition.
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Figure 7. Failure section.

Figure 5. FEM Model with non-linear truss elements bridging the crack both vertically and horizontally.

Figure 6. FEM Model without friction elements bridging the crack.



The constitutive laws of the horizontal and vertical springs are 
obtained using a kinematic assumption relating the crack wi-
dth with the relative slip between crack lips. The assumption 
is that the points of the crack located above the centroid of 
the cross section rotate with respect to the top point of the 
crack (point B of Figure 4) while the points located below the 
centroid of the uncracked section rotate with respect to the 
bottom point of the crack (point A of Figure 4). This kinematic 
assumption is summarized in Figure 8. If θ is the rotation, the 
displacement of a point of the crack placed at a distance ρ from 
the point of rotation would be δ=ρθ. From this value, the angle 
the crack forms with the horizontal (α) and the angle of the 
line that joins the point of the crack under consideration and 
the point of rotation with the vertical, β, it is possible to obtain 
the values of the crack opening (w) and the slip between the 
crack lips (Δ) (see Eq. (4) ).  

w = δcos ( α + β – 90º ) 
(4)

Δ = δsin ( α + β – 90º )
 
Providing different values for θ, the values of w and Δ are ob-
tained. With these values, the tangential (τw) and normal stres-
ses (σw) can be determined by using Eq. (3) . The constitutive 
law of the horizontal and vertical truss elements can then be 
determined by projecting the stresses in these directions. Eq. 
(5) shows the corresponding expressions of the stress and stra-
in defining the constitutive laws of the horizontal and vertical 
springs:

(5)

σx = τw cos α + σw sin α

σz = τw sin α – σw cos α

εx = 

εz = 

(w sin α – Δ cos α)
dx

(w cos α – Δ sin α)
dz

where:
σx  is the stress in the horizontal springs for a given value of 

the rotation
εx  is the strain in the horizontal springs for a given value of 

the rotation
σz  is the stress in the vertical springs for a given value of the 

rotation
εz  is the strain in the vertical springs for a given value of the 

rotation
dx  is the initial horizontal distance between crack lips (ini-

tial length of horizontal truss elements)
dz is the vertical distance between finite elements at the 

location of the crack (initial length of the vertical truss 
elements)

The area of the truss elements is equal to the width of the 
section times the height of the corresponding finite element.

With this definition, tensile strength is accounted, since 
for strains smaller than the cracking stress, linear behaviour is 
assumed up to the cracking stress (see example given in Figu-
re 9). Therefore even though the crack geometry is prefixed 
the element does not behave as if the crack were fully formed 
from the very beginning. 

Figure 10 shows how the lips of the crack move with res-
pect to each other according to the kinematic assumption 

made above. The displacement closely mirrors that observed in 
the FEM model and seems like a reasonable approximation to 
actual behaviour. This kinematic assumption should probably 
be modified for elements with longitudinal skin reinforcement 
since the crack width opening would be controlled locally at 
the level of the reinforcing bars. However, most real applica-
tions of elements without shear reinforcements (slabs, walls) 
do not have such reinforcement. In the figure the opening of 
the crack is plotted for two different effective heights and for 
the same rotation. Note how the crack opening is larger for the 
larger height. This will reduce the contribution of aggregate 
interlock for the same rotation and will automatically provide 
a size effect.

5.
results

By using the model described in the previous section, the 
shear that is transferred by the uncracked compression chord, 
by aggregate interlock and by the dowel effect have been eva-
luated for test 70-3.1-2P-I. For this the “SIR cuts” feature of 
SOFISTIK has been used. This feature allows to make cuts in 
the structure and obtain normal and shear forces within the 
selected zone only. Thus, for example, it is possible to make 
a vertical cut at the section of the applied load over the full 
height of the section or limited to the height of the compres-
sion chord. The software integrates the forces within the cut 
and provides the normal force and the shear force correspon-
ding to the stresses within the cut. In Figure 11, the normal 
and shear forces per meter are shown for the model which 
neglects the effect of aggregate interlock and compared with 
those of the model that considers aggregate interlock for 80% 
of the failure load. The comparison is made for 80% of the 
failure load because without aggregate interlock convergence 
was not achieved in the model without springs for the actual 
failure load. The behaviour of the model without aggregate 
interlock is that of a cracked section in flexure and most of the 
shear force is taken by the compressed chord. The shear stress 
distribution is quite similar to that of a linear elastic section 
with a height equal to the compressed height. For the model 
with aggregate interlock, however the behaviour is less clear, 
as significant shear stresses are also observed along the cracked 
part of the section, below the compressive chord. Note that 
the stress in the reinforcement is underestimated because, as 
explained above, the area of the steel was designed to provi-
de the same out-of-plane stiffness as the actual reinforcement. 
This results in an overestimation of the steel area.

By using the “SIR cuts” feature, the shear taken by the com-
pressed chord is determined by making a cut immediately to the 
left of the point of load application with a height equal to the 
height of the compressed chord. Then the shear force taken by 
dowel effect is determined by making a cut along the reinfor-
cement at the bottom of the section, where the crack begins. 
Finally the contribution of aggregate interlock is determined by 
summing the forces in the nonlinear vertical truss elements. The 
results of this analysis are given in Table 1 and Figure 12. It can be 
seen that the sum of the three contributions does not always fully 
account for the applied load. This is due to imperfect conver-
gence, but precision is nonetheless good enough. For low values 
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Figure 8. Kinematic assumption

Figure 9. Example of constitutive law for one of the horizontal springs.

TABLE 1.
Distribution of shear between shear-resisting mechanisms for different load levels

% of ultimate load V Vcc Vagg Vdowel Vcc+Vagg+Vdowel % V Vcc/V Vagg/V Vdowel/V

 

100% 230 153.8 74.2 2.6 230.6 100% 67% 32% 1%

80% 184 117.7 56.5 5.1 179.3 97% 66% 32% 3%

50% 115 44.9 61.3 3.3 109.5 95% 41% 56% 3%

25% 57.5 18.5 37.0 0.9 56.4 98% 33% 66% 2%

of shear, aggregate interlock is dominant, with still a significant 
contribution from the compressed chord. As the shear force in-
creases, however, the contribution of aggregate interlock increases 
at a slower pace. This is logical as the increase in the crack width 
is unfavourable, even though the increase in slip mobilizes higher 
stresses. As a consequence of this complex non-linear behaviour 
the contribution of aggregate interlock stagnates, and the increase 

of the shear force is mostly taken by the compression chord. In all 
stages the contribution of dowel effect is very small. As explained 
above, failure comes about when the principal stress reaches the 
assumed tensile stress to the left of the applied load. The loss of 
the capacity of the compressed chord, which is taking 67% of the 
shear force at this stage cannot be compensated by an increase 
in aggregate interlock whose contribution has stagnated nor by 
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Figure 10. Movement of crack lips according the kinematic assumption made

Figure 11. Normal and shear forces, per meter, for 80% of the ultimate load applied in the model : a) normal stresses for model without aggregate 
interlock, b) normal stresses for model with aggregate interlock , c) shear stresses for model without aggregate interlock, and d) shear stresses for 

model with aggregate interlock

a) b) c) d)



the dowel effect and a crack develops along the upper face of the 
tension reinforcement as failure occurs.

Of course the distribution of forces shown in Table 1 and 
Figure 12 should not be assumed to be general as it will vary 
depending on the specimen’s geometry, reinforcement ratio, 
size, etc. See for example reference [23]. A future work to be 
carried out would be a systematic application of the model to 
specimens covering a wide range of different parameters.

Figure 10. Normal and shear forces, per meter, for 80% 
of the ultimate load applied in the model : a) normal stresses 
for model without aggregate interlock, b) normal stresses for 
model with aggregate interlock , c) shear stresses for model 
without aggregate interlock, and d) shear stresses for model 
with aggregate interlock

6.
conclusions

From the above considerations, the following preliminary con-
clusions, based on the analysis of a single test, can be drawn:
• A model to evaluate the shear resistance has been develo-

ped which can be implemented using FEM modelling. The 
model has been generated by a python computer code, ma-
king it easy to apply for different test cases. The shape of 
the crack can be easily modified to adapt to different cases, 
in particular cases in which a direct tension failure occurs 
and a straight crack is expected. Although the model has 
been applied to a single case, the prediction of the ultimate 
load is close to the measured ultimate load. For this, howe-
ver, the effect of sustained loading on tensile strength had 
to be considered by reducing the tensile strength by 30% 
(kct=0.7) as suggested in FprEN 1992-1-1:2022 [24].

• The behaviour is complex, especially in what regards the 
contribution of aggregate interlock. The contribution of 
aggregate interlock is dominant for low values of the shear 

force but stagnates for higher values of the shear force be-
cause the increase in its value due to slip between crack 
lips is countered by the opening of the crack width. This, of 
course would imply that an element with longitudinal skin 
reinforcement would have a greater contribution of the ag-
gregate interlock effect, although this is not a practical case 
for elements without stirrups.

• The contribution of the dowel effect is quite small throu-
ghout the loading process. 

• For the case studied, the contribution of the compressed 
chord reached two-thirds of the shear force before failure. 
Failure comes about by tension failure (principal stress rea-
ching the assumed sustained tensile strength) occurring to 
the left of the applied force in an area where a compressed 
cantilever subjected to a negative bending moment forms. 
This is compatible with vertical cracks appearing on the 
top chord to the left of the applied load.

• The model must be compared to other tests and should 
be tested for elements with a large contribution from di-
rect strutting to see if it accounts for this effect adequately. 
Such analyses could form the basis for the formulation of 
a simplified model, which could be applicable for design 
purposes.
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Figure 12. Distribution of shear between resistance mechanisms (shear taken by compressed chord, aggregate interlock, and dowel effect).
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