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A PRELIMINARY STUDY ON SHEAR CAPACITY 
OF HISTORICAL REINFORCED CONCRETE BEAMS
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ABSTRACT
In European cities there are many reinforced concrete (RC) constructions belonging to the early 20th 
century and, in most cases, these pieces of work so rich in historical, architectural and cultural signifi-
cance urgently require maintenance and restoration.

Reinforced concrete works, from the origins until the release of the first technical standards, were 
built by applying patented systems (e.g. Monnier’s, Hennebique’s) that were often the result of indi-
vidual intuitions more than scientific and technical knowledge. This is one of the reasons that many of 
the structures built in those years, and still surviving, could not be considered reliable with regard to the 
structural safety, as it is presently intended.

In this scenario, the evaluation of RC beam shear capacity becomes crucial. In this article, analys-
ing the tests carried out in Stuttgart in the early 20th century, a preliminary study on the shear capacity 
assessment of historical RC beams is presented. The aim is to verify the applicability to these kinds of 
beams of the relations given for new constructions in the present codes. Moreover a novel formulation 
for the transversal shear capacity for historical RC beams with U-shaped plates is proposed.
Keywords: Load Path Method, reinforced concrete, shear capacity, Strut-and-Tie Model

1 INTRODUCTION
The main task to be faced in the restoration of the early RC constructions is the assessment 
of their actual structural capacity, in order to provide the proper guidelines for retrofitting, 
rehabilitation and conservation.

It is not so straightforward to apply to ancient concrete structures the same methods of 
analysis that are used for the design of new constructions, and this is particularly true with 
regard to shear capacity. In fact, models and formulations used in the standard design practice 
are mainly based on the experimental observation of the behaviour of real-scale structural 
elements that are different from those of the early RC constructions. The constructive tech-
nique and the structural details concerning the shear reinforcement have changed much in the 
last century, much more than those regarding longitudinal reinforcement.

Present methods to evaluate shear capacity seem to be not applicable to old RC structures 
mainly due to the following reasons:

•	 the chemical characteristics of the steel reinforcement and, in particular, the low Carbon 
content that makes the collapse cracking pattern be typical of concrete structures with high 
ductility reinforcement;

•	 the technology and, in particular, the type of shear reinforcement that consisted of open 
U-shaped plates which are not able to confine the inclined struts of the resisting internal 
truss.

Therefore, the approach to shear capacity assessment should necessarily start from a criti-
cal review of the different formulations and from an analysis of the available experimen-
tal tests on historical structures. Many tests have been performed all over the world in the 
early 20th century (e.g. [1–3]) to evaluate the shear capacity of RC beams. Since then the 
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approach to shear design has been modified many times introducing different formulations in 
the codes. At present many studies are in progress to evaluate the flexural and shear capacity 
of old historical RC beams (e.g. [4, 5]).

In this scenario, the first part (i.e. paragraph 2) of this article aims to analyse if the cur-
rent shear formulation of Eurocode 2 [6] is applicable to the RC beams tested in Stuttgart 
by Emil Mörsch in 1906–1921 [1]. The choice of the code and of the tests is not casual. In 
fact, the Eurocodes are the technical standards adopted in almost all European countries 
and the above-mentioned tests were considered as a ‘reference point’ in Europe in the 
early 20th century. However, since the first part of this article is based on a small subset of 
tests, verified with only two codes (i.e. [6, 7]), this part can be considered as a preliminary 
study.

In the second part of the article (i.e. paragraph 3) a novel formulation, based on the Load 
Path Method (LPM hereafter) [8], for the transversal shear capacity of historical RC beams 
with U-shaped plates is proposed.

2 ANALYSIS OF THE SHEAR TESTS PERFORMED IN STUTTGART
The data and the results of some shear tests performed by Mörsch [1] in Stuttgart from 1906 
to 1921 are summarized in Table 1. In this table:

•	 f
c,cube

 is the cubic concrete compressive strength;

•	 f
t
 is the reinforcement tensile strength;

•	 b
w
 is the web width;

•	 h is the overall depth of the cross section;

•	 φ
l
 is the longitudinal reinforcement diameter;

•	 n
l
 is the number of longitudinal bars;

•	 φ
w
 is the shear reinforcement diameter;

•	 n
w
 is the number of links of shear reinforcement;

•	 s is the longitudinal spacing of shear reinforcement;

•	 V
u,test

 is the ultimate shear strength of the tests.

All beams were simply supported, their span was 3 m long and they were loaded with two 
point loads applied at one-third of the span. They had ‘T’ transversal section with the follow-
ing dimensions for the top flange:

•	 Tests 4–23: thickness = 10 cm; width = 50 cm.

•	 Tests 75, 77: thickness = 10 cm; width = 45 cm.

For further details on the tests, see Ref. [1].
Many approaches to the shear capacity are present in the literature and in other codes (see, 

e.g. [5–7, 9–12]). In this paragraph the test results in Table 1 have been analysed by using the 
models of the last two releases of Eurocode 2 (i.e. [6, 7]). This is why this part of the article 
has to be considered as a preliminary study.

In particular, the last release of both the Eurocode 2 [6] and the Italian technical standards 
[13] adopt the ‘truss model’ with variable strut angle θ. V

Rd,max
 is the design value of the 

maximum shear force which can be sustained by the member, limited by crushing of the 
compression struts, and V

Rd,s
 is the design value of the shear force which can be sustained by 

the yielding shear reinforcement:
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ν θ α
θ( )

= +
+

V f b z
ctg ctg

ctg1
Rd,max cd w 2

 (1)

 
α θ α( )= +V f

A

s
z ctg ctgsinRd,s ywd

sw

 (2)

where

•	 α is the angle between shear reinforcement and the beam longitudinal axis perpendicular 
to the shear force;

•	 θ is the angle between the concrete compression strut and the beam axis perpendicular to 
the shear force;

•	 nf
cd

 is the effective compressive strength of the concrete inclined struts;

•	 z is the internal lever arm;

•	 f
ywd

 is the design yield stress of shear reinforcement;

•	 A
sw

 is the cross-sectional area of the shear reinforcement.

θ should be chosen between the following recommended limits:

 θ≤ ≤ctg1 2.5  (3)

The value θ
d
 of θ that makes the stirrups yield and, at the same time, the web concrete reach 

its compression strength can be obtained by equalling the relations (1) and (2) and, in the case 
of α	= 90°, it results:

 

θ
ν

= −ctg
f b

f
A

s

1d
cd w

ywd
sw

 (4)

The coefficient n is an efficiency factor which allows for the actual distribution of the stress within 
the inclined struts and the effect of cracking. This factor is defined by technical standards and it is cal-
ibrated on the reinforcement detailing prescribed in the codes. For example, Eurocode 2 [6] assumes:

 
ν = −





f
0.60 1

250
ck

 (5)

where f
ck

 (in MPa) is the characteristic compressive cylinder strength of concrete.
In order to verify the reliability of the relations recommended in the present codes with 

respect to the failure loads measured in tests, numerical analyses have been performed using 
the ultimate resistance values of the materials.

The following data have been adopted:

•	 ultimate values of the material strength;

•	 f
c,cube

 = 24.80 MPa;

•	 f
c
 = 0.83 × f

c,cube
 = 20.58 MPa (compressive cylinder strength of concrete according to Ref. [13]);

•	 f
t
 = 407.70 MPa;

•	 c
inf

 = 2.0 cm (bottom cover on longitudinal reinforcement);

•	 z = 0.90 × d (where z is the internal lever arm and d is the effective depth of the cross section).
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From relations (1), (2) and (4), assuming that the theoretical shear strength is equal to the 
test shear strength, the value n

test
	of n has been evaluated and the results are shown in Fig. 1. 

This figure shows that, almost in all the examined cases, the calculated theoretical value n
theor.

 
of n is bigger than the one (n

test
) calculated from the test ultimate load. The average value of 

n
test

 is equal to 0.37 with a coefficient of variation of 0.36, while n
theor.

 is always equal to 0.55. 
This means that n

theor.
 is about 34% bigger than the average value of n

test
.

In Fig. 2 the values of the ultimate shear V
u,test

 measured in the tests and that (V
Rd,ctgθ) cal-

culated using relations (1), (2), (4) and (5) are shown. V
Rd,ctgθ has been evaluated ignoring the 

limits on ctgθ of Eurocode 2. This figure highlights that the theoretical value (V
Rd,ctgθ) overes-

timates, almost in all the cases, the test ultimate shear strength. The average value of the ratio 
of V

Rd,ctgθ to V
u,test

 is equal to 1.45 with a coefficient of variation equal to 0.29.
Moreover, Fig. 3 shows that, almost in all the examined cases, the theoretical value (ctgθ

theor
) 

of ctgθ is higher than the one (ctgθ
test

) calculated from the test ultimate load. Thus, it follows 
that the beams tested by Mörsch in the early 20th century did not have the capacity to reach 
the values of ctgθ recommended by the present codes.
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 F. Palmisano, Int. J. of Herit. Archit., Vol. 1, No. 4 (2017)  613

It is worth noting that the ‘truss model with variable strut angle’, that in the Eurocode 2 [6] 
(but also in the Italian Technical Standards [13]), has substituted the ‘modified hyperstatic 
truss model’, is principally based on the following assumptions:

•	 the ultimate resistance of the inclined struts should be reached when the shear reinforce-
ment has yielded;

•	 the shear reinforcement should have the capacity to limit the opening of cracks in order to 
make them be crossed by struts having an inclination θ lower than the one corresponding 
to first cracking.

The second assumption could not be satisfied by RC beams of the early 20th century. In 
fact, steel reinforcement used in the past had ductility characteristics higher than those of 
the present reinforcement. This means that, because of the large deformations consequent 
to yielding, crack widths are so excessive to make impossible the transfer of shear forces 
across them. Consequently the ‘truss model with variable strut angle’ with the present limit 
of the maximum value of ctgθ is not applicable to beams of the past. This consideration is 
noteworthy because present codes that deal with the assessment of existing structures use the 
same shear strength relations adopted for the design of new structures. This means that it is 
necessary to differentiate the approach, trying to find the values of the maximum limit of ctgθ 
consistent with the test results reported in the literature regarding beams having reinforce-
ment similar to the one used in the early 20th century.

In the draft version [7] (no more in force) of Eurocode 2, as in the previous Italian techni-
cal standards [14], the shear capacity was evaluated using the ‘modified hyperstatic truss 
model’.

According to this approach the shear resistance is evaluated under the assumption of 
θ	= 45°, calculating the web tension strength separately from the web compressive strength. 
In particular the first one is the summation of the concrete strength (V

cd
) and of the shear 

reinforcement strength (V
yd

):

 
= +V V VRd,s cd yd  (6)
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 (horizontal lines indicate the limits according to Eurocode 2) [6].
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Many codes used to assume V
cd

 equal to the value calculated for beams without shear 
resistance. This assumption, generally on the safe side, is difficult to be justified because it 
is based on the hypothesis that in the element with shear reinforcement the ‘dowel effect’ 
and the ‘aggregate interlocking effect’ give the same contribution that they would give if 
the element had no shear reinforcement. Moreover, when the beam has shear reinforcement, 
the flexural resistance of the ‘concrete cantilever’ between two following cracks is strongly 
reduced by the very low spacing of the shear cracks; hence the contribution of the ‘concrete 
cantilever’ resistance to the shear strength in a beam with shear reinforcement is less than that 
in a beam without shear reinforcement. Especially because of the difficulty to evaluate the 
contribution of V

cd
 in the relation (6), the present codes have adopted the ‘truss model with 

variable strut angle’ in which the resistance of the ‘concrete cantilever’ is not considered (the 
contribution of V

cd
 misses) and the web tension strength is only due to shear reinforcement 

but, at the same time, inclined struts can have θ ≤ 45°. This model seems to be more consis-
tent with the results of tests performed on present beams but, as previously showed, seems to 
loose reliability for beams of the early 20th century.

To compare these two models, for the beams of Table 1, web tension shear strength 
V

Rd3,ENV1992-1-1
 has been calculated using the ultimate resistance values of the materials and 

according to the ‘modified hyperstatic truss model’ of the old draft of Eurocode 2 [7]:

 
= +V V VRd3,ENV1992-1-1 Rd1 wd  (7)

where

•
 

=V f
A

s
zwd ywd

sw
;

•	 τ ρ( )= ⋅ ⋅ + ⋅ ⋅ ⋅V k b d1.2 40Rd1 Rd ld w ;

•	 τ = ⋅ f0.25Rd ctm ;

•	 = ⋅f f0.30ctm ck

2
3;

•	 ( )( )= − ≥k d d1.6 1.0 inm ;

•	 ρ =
⋅

≤
A

b d
0.02ld

sl

w

;

•	 A
sl
 is the area of the tensile reinforcement, which extends not less than (l

bd
+d) beyond the 

section considered (with l
bd

 design anchorage length of reinforcement).

From Fig. 4 it is worth noting that, almost in all the examined cases, the ‘modified hyperstatic 
truss model’ of the old draft of Eurocode 2 [7], confirming what previously discussed, gives 
results that are more similar to those of the laboratory tests. In particular the average value of 
the ratio of V

Rd3,ENV1992-1-1
 to V

u,test
 is equal to 1.26 with a coefficient of variation equal to 0.47.

3 THE TRANSVERSAL SHEAR BEHAVIOUR
In this paragraph the interpretation of the transversal shear behaviour is showed by using the LPM.

Born as a method to design Strut-and-Tie Models [15] in reinforced concrete (RC) struc-
tures the LPM [8] is a clear and effective technical instrument of investigation and judgement.

So far the LPM has been used for a wide range of applications: RC structures [8, 16], 
masonry structures [17–20], seismo-resistant structures [21], progressive collapse [22], 
assessment of existing constructions [23–25].
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In the transfer of forces within a structure or an element, from their point of origin (S) 
to their ends (E), deviations in the load path direction can occur causing a thrust (H); for 
equilibrium to be maintained, a reactive force must be applied that is equal in magnitude and 
opposite in direction to this thrust (Figs 5 and 6).

The load path represents the line along which a force or a force component (more pre-
cisely: the component of a force in a chosen direction, for example the vertical component 
of a load) is carried through a structure from the point of loading to its support. The force 
component (F in Fig. 5) associated with a load path remains constant on its way through the 
structure; as a consequence of this definition, thrust H must be perpendicular to the travelling 
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Figure 4:  Ratio of the shear capacity (V
Rd,ctgθ) according to Eurocode 2 [6] and of the web 

tension shear strength (V
Rd3,ENV1992-1-1

) according to the old draft of Eurocode 2 [7] 
to the test ultimate shear strength (V

u,test
).

Figure 5: Load Path (LP) and Strut-and-Tie Models (STM).

E E

S S

H

H

N

N

N

F F

F

Ns

NsNe

Ne

LP LP

STM STM



616 F. Palmisano, Int. J. of Herit. Archit., Vol. 1, No. 4 (2017) 

load F. The design of this load flowing through the structure can be approximated by polygo-
nal lines in which there are thrusts in every deviation node.

It follows that, according to the model, the structure will be crossed by fluxes in compres-
sion (dashed lines), when loads travel in the same direction of their path, and by fluxes in 
tension (continuous lines) along which loads go in the opposite direction with respect to 
their path (Fig. 6). According to the classical theory, the basic principles of the LPM are the 
respect of both equilibrium and consistency. Thrusts in deviation nodes are necessary in order 
to respect equilibrium and every path is possible if it is in equilibrium.

Among infinite paths in equilibrium, loads have to choose the one in which their vectors invest 
the minimum quantity of strain energy (D), that is the only one both consistent and in equilibrium.

The total invested strain energy is

 
∫ σε=D dV

1

2 V  (8)

where V is the integration domain, s and e are the stress and the strain vector, respectively.
Along a generic path, that is polygonal in this model, the calculus of the invested strain 

energy (D) is simplified in the summation of the terms relevant to each side of the truss:

 
∑=D Di

i  (9)
where i is the generic side of the load path.

For instance, if linear elastic constitute laws for materials are assumed as well as constant 
transversal section of each side, the elementary strain energy D

i
 is

 
ε=D N l

1

2i i i i
 (10)

where i is the generic side of the load path, N
i
 is the intensity of the vector that bears the trav-

elling load on that side, l
i
 is the length of the generic side and e

i
 is the mean strain on that side.
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Figure 6: Load Path: symbols.
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In the assumption of linear elastic constitute laws for materials with Young’s Modulus 
equal to E, if the transversal section of a side is linearly variable from A(1)

i
 to A(2)

i
 (e.g. half of 

a bottle-shaped strut) the elementary strain energy D
i
 is

 ( )=
−









D

N l

E A A
Ln

A

A

1

2i
i i

i i

i

i

2

(1) (2)

(1)

(2)

 (11)

From Fig. 6 it is possible to notice that the relation between the travelling load F and its 
vector N is

 θ
=N

F

sin  (12)

where θ is the inclination of the path. If θ decreases, N increases; this means that the condition 
with θ nil is not consistent because it will produce an infinite value of N and, hence, of the 
strain energy D. The consequence of this consideration is that a travelling load cannot move 
orthogonally to itself. The only possibility for the travelling load to move in the orthogonal 
direction is to follow a path composed by inclined descending and ascending sides.

For further details about the LPM, see references [16–25].
A simplified model of the diagonal compressive flux in an element subjected to shear and 

bending is showed in Fig. 7. The flux starts from the longitudinal compression zone (on the 
top of the beam in Fig. 7) and, in the descending path, it keeps itself spread in all the web 

Figure 7: Shear transversal behaviour of a beam (axonometric view).
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width in order to save strain energy. However, it is obliged to concentrate on the longitudinal 
bars that are the only one able to carry the horizontal longitudinal thrusts due to the deviation 
of the shear path. This concentration can happen thanks to the formation of a transversal arch; 
in this model, transversal thrusts arise and they can find equilibrium because of the transver-
sal horizontal link of the stirrup. In the absence of this link the only way, for these thrusts, 
to find equilibrium is to use the concrete tension strength. Detail (II) of Fig. 7 shows that the 
presence of a floor slab, offering a compression path to the transversal top thrusts, makes 
possible the adoption of top open stirrups.

Beams of the early 20th century often had U-shaped links as stirrups (Fig. 8); this means 
that, for the transversal bottom thrust, equilibrium can be maintained only thanks to concrete 
tension strength.

Figure 8 shows a model to analyse transversal behaviour for beams with U-shaped links. The 
most critical condition is where the bottom lateral transversal thrust (H

end
) is applied. The ultimate 

shear for the transversal behaviour (V
Rd,lat

) is given by the capacity of concrete cover to carry the 
transversal thrusts using its tensile strength and avoiding the ejection of the longitudinal bars.

In this model the following assumptions have been made:

(a) cgtθ’ should not be less than an assumed value cgtθ’
min

;
(b) the deviation of the inclined struts in the bottom of the beam web starts from a distance 

h/2 (Fig. 8) from the top of the beam if cgtθ’ > cgtθ’
min

;
(c) the stress in the inclined strut is constant;
(d) the forces in every U-shaped link are equal;
(e) H

end
 divided itself into two identical parts (Fig. 9): one crosses a

sup
 and the other one crosses a

inf
;

(f) g is the angle of the transversal (Fig. 9) and longitudinal diffusion of H
end

 within the 
concrete (Fig. 10).

The reason for the assumption (a) is that, if the overall depth of the beam is very large with 
respect to its width, the inclined strut, in order to save strain energy, tends to deviate in the 
bottom of the beam; a limit on the minimum value of ctgθ is needed to take account of this 
consideration. This limit could be taken equal to that (cgtθ’

min
 =  0.5) usually assumed in the 

design of deep beams and column footings.
As a consequence of assumptions (c) and (d), the inclined strut should be divided into a 

number of parts equal to the number of U-shaped links.

Hend

h

Hend

h/2

d

bw

Hinn. Hinn.

φw

δ lat

δ inf
φ l

θ ′

Figure 8:  Analysis model of shear transversal behaviour of a beam with U-shaped links 
(cross-section view).
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The resistance of the concrete cover is governed by the minimum value (a
transv,min

) 
between a

sup
 and a

inf
 (Fig. 8). Because of the assumption (e) the strength value H

end,max
 of 

H
end

 is

 ( )= ⋅ ⋅ ⋅H f a a2end,max ctd transv,min long,min  (13)

where

•	 f
ctd

 is the design value of the axial tensile strength of concrete;

•	 δ γ φ( )= ⋅ ⋅ − a tg smin 2 ;long,min lat w  is the longitudinal width of the diffusion area of H
end

;

•	 δ
lat

 = c
lat

 + ϕ
w
 + 

ϕ1
2

;

•	 s is the longitudinal spacing of shear reinforcement;

•	 fφw
 is the shear reinforcement diameter.

γ

γ

δ inf

δ lat

Design surface

c lat

c inf

asup

ainf

a a

φw φwφ l

φ l

Figure 9: Left bottom node detail of the beam in Fig. 8.

δ lat tgγ

δ lat tgγ γ

γ

δ lat

c lat

Design surface

φw φwφ l

Figure 10: Cross section of the detail in Fig. 9.
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Because of the assumption (d) the total force F
s,max

 carried by a stirrup composed by a total 
number n

w
 of links is

 θ
=

′
F H

n

ctg2

1
s,max end,max

w

 (14)

and the ultimate shear of the transversal behaviour is (V
Rd,lat

)

 
θ=V F z

s ctgRd,lat s,max d

 (15)
where ctgθ

d
 is given by relation (4) and z is the internal lever arm.

An application of this model is showed in Figs 11 and 12. The following data have been 
used:

•	 design values of the material strength;

•	 f
ck,cube

 = 20 MPa (characteristic compressive cubic strength of concrete);

•	 f
ck

 = 0.83 × f
ck,cube

 = 16.60 MPa (characteristic compressive cylinder strength of concrete 
according to [13]);

•	 f
cd

 = 0.85 × f
ck

 /1.5 = 9.41 MPa (design compressive strength of concrete);

•	 f
ctd

 = 0.70 × (0.30 × f
ck

2/3)/1.5 = 0.91 MPa (design tensile strength of concrete);

•	 f
yk

 = 215.00 MPa (characteristic yield strength of reinforcement);

•	 f
yd

 = f
yk 

/ 1.15 = 186.96 MPa (design yield strength of reinforcement);

•	 n = 0.60(1 – f
ck 

/ 250) = 0.56;

•	 φ
w
 = 6 mm;

•	 n
w
 = 4;

•	 s = 15 cm;

•	 ctgθ’
min

 = 0.5;

•	 g = 45°;
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Figure 11: V
Rd,EC2

 and V
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 for a beam with b
w
 = 30 cm and h = var.
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•	 z = 0.90 × d (where z is the internal lever arm and d is the effective depth of the cross 
 section);

•	 φ
l
 = 16 mm;

•	 c
lat

 = 2.0 cm;

•	 c
inf

 = 2.0 cm.

In the cases of Fig. 11 b
w
 = 30 cm, whereas h = 50 cm in the cases of Fig. 12. In these 

figures the comparison between the shear capacity (V
Rd,EC2

) evaluated according to Eurocode 
2 [6] (which neglects the transversal behaviour) and the one (V

Rd,lat
) calculated taking account 

only of the transversal behaviour is showed.
It is worth noting that in the case of Fig. 12, larger value of b

w
 means lower value of θ’ 

(since n
w
 is constant) and hence lower value of shear capacity for transversal behaviour.

According to the proposed approach, the shear capacity of the section is the minimum 
value between the two calculated resistances. In both cases the shear capacity is governed by 
the transversal behaviour.

4 CONCLUSIVE REMARKS
In this preliminary study, the results of the tests performed on RC beams by Mörsch [1] in 
the early 20th century seem to show that the relations of the present codes used to evaluate 
shear resistance for new structures cannot be used without any modification for ‘historical’ 
RC beams.

Firstly, because of the great ductility of steel reinforcement used in the past, the historical 
beams cannot reach the inclination values of the diagonal struts recommended by the present 
codes. Secondly, the type of shear reinforcement (i.e. open U-shaped links) makes the trans-
versal behaviour collapse anticipate the one provided by standard formulations calibrated on 
beams with stirrups.
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Regarding the longitudinal shear behaviour, relations of the old Eurocode 2 [7] seem to be 
more reliable than those of the last Eurocode [6]. However both codes tend to overestimate 
the shear capacity of historical RC beams.

Moreover the approach proposed in this article for the transversal shear behaviour has 
shown that often the shear capacity of beams with U-shaped links is governed by the trans-
versal behaviour.

It follows that particular attention has to be paid especially because, at present, the eco-
nomical and social weight of the structural assessment of existing constructions is becoming 
particularly relevant.

However, given that this is a preliminary study based on a small subset of experiments, 
only verified with two codes, these conclusions cannot be considered as general and, hence, 
further work is needed in order to analyse other shear tests performed on historical beams 
taking also account of other formulations for shear capacity.
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