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TOM TAT: Ly thuyét Critical Shear Crack Theory (CSCT) da dwoc phét trién tir naim 1985 nham danh
gia kha ning chiu cit cua bé tong ciing nhu kha ning chdng choc thing (punching shear) cia bé téng cot
thép mot cach hop 1y. Y twdng chinh ciaa CSCT la kha ning chiu cit dugc chi phéi bai su hinh thanh va
phat trién ctia mot khe ntt chiu cit chinh, bao g@)m hinh hoc va dong hoc cua khe ntrt d6. Cac dang don
gian héa cua mé hinh tong quat nay di duoc ap dung trong mot sb tiéu chuén, bao gdm fib Model Code
2010 va gan day 1a phién ban thir hai ctia tiéu chuan chau Au cho két cau bé tong (Eurocode 2 — du kién
2028 ap dung rong rii). Bai viét nay s& trinh bay vé ly thuyét va phuong phép tinh toan trong phién ban
Eurocode 2 sip t6i s& 4p dung).

TU KHOA: Tinh toan cit bé tong, Ly thuyét kiém toan cit theo vét nirt t6i han, Eurocode 2™ Gen.

ABSTRACT: The Critical Shear Crack Theory (CSCT) has been developed since 1985 to rationally
evaluate the shear capacity of concrete as well as the punching shear resistance of reinforced concrete.
The main concept of CSCT is that the shear capacity is governed by the formation and propagation of a
critical shear crack, including its geometry and kinematics. Simplified forms of this general model have
been adopted in several design codes, including the fib Model Code 2010, and more recently in the
second generation of the European standard for concrete structures (Eurocode 2 — expected to be widely
implemented in 2028). This paper presents the theoretical background and calculation method of the
forthcoming Eurocode 2 to be applied in Europe.

KEYWORDS: Shear design in Concrete, Critical Shear Crack Theory, Eurocode 2™ Gen.

1. INTRODUCTION

In the new second-generation version of
Eurocode 2, shear verification for concrete
members is one of the areas that has undergone
significant changes. The formulas and approaches
have been revised to more accurately reflect the
actual behavior of reinforced concrete structures.
In addition, the approach has been simplified
(based on the CSCT theory) to make it more
practical for engineers in design practice.

This paper provides a brief overview of the
origins and theoretical basis of the shear
verification formulas in concrete. The content
focuses on the major changes introduced in the
latest updated standard.

2. THEORETICAL BASIS OF CSCT

In a beam without transverse reinforcement,
the resistance to shear is provided almost entirely
by the concrete itself. Before any cracks appear,
the applied shear is mainly carried through the
clastic stress distribution of the uncracked section
of the beam, where both compression and tension
zones participate in transferring forces. This
uncracked stress field allows the concrete to
sustain the shear action effectively in the initial
stage of loading, ensuring that no significant
diagonal cracking occurs until the stresses exceed
the tensile strength of the material.
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Figure 1: Elastic stress field on a simply
supported Reinforced concrete beam subjected to
uniformly distributed load (The figure illustrates
the elastic stress distribution within an uncracked
concrete beam without transverse reinforcement.

The arrows represent the principal stress
directions in both compression and tension Zones,

showing how shear forces are transferred
through the concrete before diagonal
cracking occurs.)

After cracking occurs, several mechanisms
come into play to transfer and sustain the shear
force within the beam. These include:

- Cantilever action, where portions of the
concrete act like small cantilevers bridging the
crack (V).

- Aggregate interlock, where the rough
surfaces of the crack enable aggregates to engage
and resist sliding (Va).

- Dowel action, in which the longitudinal
reinforcement bars provide resistance across the
crack (Vq).

- Concrete’s residual tension, which still
contributes to shear transfer even after cracking (V).

compression
sl

.
% - tension

Figure 2: The shear resistance mechanism of
concrete (source: Muttoni and Ferndndez Ruiz)

2.1 Cantilever action

Principle: When flexural cracks have formed,
the concrete between two adjacent cracks behaves
like a cantilever block. This block is capable of

transferring shear forces without the need for
stirrups or a complex truss mechanism. Instead,
shear is transmitted through the inclination of the
compression chord. The stability of this cantilever
block is maintained by an inclined tension tie, and
the overall shear resistance primarily depends on
the tensile strength of the concrete along this tie.

/
Figure 3: Cantilever action

Limitation of the mechanism: Once the tensile
stress in the concrete reaches its tensile strength (at
point “A” in Figure 3), a horizontal crack develops.
At this stage, the cantilever block fails, and this
mechanism ceases to contribute to shear resistance.

Therefore, cantilever action contributes only
partially to shear resistance and is typically
significant only in the initial stage when the
structure has just started to crack.

2.2. Aggregate interlock

/

Figure 4: Aggregate interlock

Principle: When concrete cracks due to
flexure-shear, the crack surface is not smooth and
flat but rather rough because of the distribution of
aggregates within the concrete. As the two crack
faces tend to slide relative to each other, the
aggregates interlock, resisting this sliding action.
This resistance provides part of the shear force
transfer across the crack.

The condition for this mechanism to occur is
the development of flexural cracks (when the
cantilever action begins to weaken and exceeds the
limit at point A in Figure 3). At that stage, the
roughness and the size of the aggregates determine
the strength of the mechanism. Therefore, if the
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concrete contains larger aggregates, the crack
surface will be rougher, leading to stronger
interlock.

This mechanism remains effective even after
the longitudinal reinforcement has yielded, which
makes it particularly important in the final stage of
shear resistance.

Influencing factors: (according to Walraven
1981, Muttoni 1989, Muttoni & Fernandez Ruiz
2008):

- Crack width: narrower cracks — stronger
interlock.

- Surface roughness of the crack: rougher
surfaces — greater interlock force.

- Aggregate size: larger particles — rougher
crack — increased force transfer.

- Concrete strength: higher-strength concrete —
smoother crack surfaces (due to finer aggregates and
stronger paste) — reduced interlock.

This mechanism is crucial once the concrete
has cracked, as it allows the structure to continue
resisting shear through the mechanical interlocking
of aggregates along the crack surfaces. For this
reason, the new Eurocode explicitly incorporates
the influence of aggregate size and crack shape
into the shear resistance prediction formulas.

2.3. Dowel action

Figure 5: Dowel action

Principle: When a beam or slab cracks, the
longitudinal reinforcement (flexural reinforcement)
is intersected by the crack. At this stage, the
reinforcement acts like a dowel crossing the crack,
resisting the relative sliding of the two concrete
parts. As a result, part of the shear force can be
transferred through shear stresses developed in the
reinforcement.

Limitation: When reinforcement acts as a
dowel, very high localized tensile stresses develop
in the surrounding concrete cover. These stresses
cause delamination cracks along the interface
between the reinforcement and the concrete, which
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gradually reduces the ability of the dowel
mechanism to transfer shear.

Therefore, although reinforcement can
theoretically contribute to shear transfer, in
practice its effectiveness is very limited. Mdorsch
observed this mechanism at an early stage, and
modern studies (Muttoni & Fernandez Ruiz, 2008)
have confirmed that dowel action contributes only
marginally to the overall shear resistance in
members without stirrups.

For this reason, in modern design codes
(Eurocode 2, ACI, etc.), this mechanism is usually
neglected or only considered as a very minor
contribution to the total shear resistance.

2.4. Concrete’s tension

Figure 6: Residual tension

Principle: When beams or slabs are subjected
to loading, inclined flexural-shear cracks develop
in the shear region. Even after cracking, at the
crack tip or when the crack width remains very
small, the concrete is still able to provide some
residual tensile strength.

Condition: This mechanism is effective only
when cracks are narrow. Once the crack widens
(due to increasing load or plastic deformations),
concrete can no longer sustain tensile stresses, and
the mechanism essentially disappears.

It is most relevant in the early stage after
cracking, or in members where crack opening is
limited (e.g., thin slabs, short beams, or elements
with well-distributed reinforcement). In design
practice, the contribution of residual tensile
strength of concrete is usually not considered
separately but rather incorporated into empirical
models for overall shear resistance.

2.5. Arching action

In addition, there is the arching action
mechanism: if the beam is short and deep (with a
small span-to-depth ratio), compressive forces can
be transferred through a “compression arch” from
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the load point to the supports, thereby reducing the
demand on reinforcement.

Figure 7: Arching action

When a/d is small (short beams) — the arching
action (compression arch) dominates, resulting in
very high shear resistance.

When a/d is large (slender beams) — the
arching effect diminishes, and shear resistance
mainly relies on cantilever action, aggregate
interlock, and dowel action, leading to reduced
shear capacity.
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Figure 8: Shear resistance contribution of
concrete (source: Muttoni and Ferndndez Ruiz)

As the deformation increases, the shear
resistance of concrete shows a clear change in the
relative contribution of different mechanisms. The
contribution from compression chord inclination
becomes negligible. In contrast, aggregate
interlocking  increasingly =~ demonstrates  its
dominant role, becoming the prevailing mechanism
in maintaining shear resistance. The residual
tensile strength rapidly loses its significance as
crack width increases. Dowel action remains
relatively stable and decreases only slightly with
increasing steel deformation, mainly serving as a
supplementary mechanism. At large deformations,
the overall shear resistance of concrete decreases
significantly, in which aggregate interlocking is
almost the only mechanism that still has a
noticeable influence. This indicates that the shear
resistance of concrete strongly depends on

deformation and is governed by multiple
mechanisms, with aggregate interlocking being the
most important one at the final stage.

3. UPDATE IN EUROCODE 2 - 2" GEN

3.1. Checking and Calculation Process

Verification of shear resistance may be omitted
provided that the shear stress satisfies the
condition:

Ted < TRde;min (€quivalent t0 v in the current
version of Eurocode 2).

- No shear reinforcement is required in regions
of members where:

Ted < Trde (equivalent to Veee in the current

Eurocode 2).

- In other cases, shear reinforcement must be
calculated, and it is necessary to ensure that brittle
crushing of compression struts does not occur by
satisfying the condition:

Ted < Trg (equivalent to Vegmax in the current
Eurocode).

- The main difference is that the 2™-Generation
Eurocode 2 no longer refers to the conventional
reference shear stress teq—Vea/(b.d) as before, but
replaces d by z — the lever arm, taken as z = 0.9d.
The updated formula in the revised standard is:

‘EEd:VEd/(b'Z) (1)
The limiting shear stress Tracmin has been
modified to account for the following factors:

- Size effect: The current design provisions
underestimate the influence of the size effect,
which may lead to unsafe design solutions for
members with large effective depths d. Therefore,
the size-effect law must be corrected in the next
generation of EN 1992-1-1 (this was one of the
main drivers for the revision).

- Influence of aggregate size, which was also
neglected in the previous version.

- Effect of shear slenderness.

3.2. Minimum shear resistance Trac,min

3.2.1. Critical Crack Theory and Formula for
Shear Resistance in Concrete

The initial proposed formula describes the
shear resistance of concrete as a function of the
strain in the longitudinal tensile reinforcement:

03 b, d 2)

ke T e, dikg
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where:
- Vre: Shear resistance;
- &y: Strain in the longitudinal reinforcement;

- kao: Influence of aggregate size, defined as
48/( 1 6+D10\ver);

- Diower 18 the smallest upper sieve size used for
the coarsest fraction of aggregates, determined
according to EN 206 (or replaced by Dmax if
available - the maximum aggregate size in the
concrete mix, determined according to EN 206
based on design and placement requirements);

- f.: Compressive strength of concrete;

- bw, d: Section width and effective depth of the
member.

Based on Equation (2), it can be seen that as
the strain in the reinforcement increases - meaning
the crack width becomes larger - the shear
resistance of the concrete decreases.

Within the range where the stress—strain
relationship of the longitudinal reinforcement
remains linear, we have:

o T G)
zAgE, zp b, .dE

where:

- Mg va Vg The bending moment and shear
force at the section under consideration.

= acs = |ME/VE|.

- Ay va pi: The area and reinforcement ratio of
the longi. tensile reinforcement,

- Es: Modulus of elasticity of steel reinforcement.

- z: Lever arm (can be 0.9d).

The direct problem, i.c., calculating Vg, from
the longitudinal reinforcement strain when the
moment and shear force are known, is relatively
straightforward. However, in the inverse problem
of determining the shear resistance of concrete
VR, 1t is necessary to solve Equations (2) and (3)
simultaneously.

3.2.2 Update of the Simplified Formula

Based on equation (2), Eurocode 2nd
Generation has improved the formulation into the
following general expression:

f,dqq 0.5
Vie =k|——=| b,d “4)
g,d

where:
-k=0.015 .(acs/d)*>.
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- dgg = 16mm + Dioyer < 40mm.
- ac/d - the shear slenderness represents the

shear span-to-effective depth, indicating the
dominant shear transfer mechanism in the member.

It is known that acs = |[Mg/VE|, which becomes
difficult in shear verification since it requires
checking many positions along a member.

When a. increases (M/V is large) — the shear
span is longer, the beam is less affected by
concentrated shear, and its behavior tends more
toward pure flexure. Conversely, when ac
decreases — the shear span is shorter, loads are
closer to the support, and the behavior is
dominated by shear rather than flexure, which
reduces the shear resistance of the section.

For these reasons, Traemin ensures that the
member reaches flexural and shear failure
simultaneously. Eurocode 2 simplifies the formula
to apply for various loading cases and adopts a
reference value of a,s = 4d, based on a large
number of combined experimental results. By
substituting &, = fy / Es, Es = 200.000 Mpa va z =
0.9d and converting into stress form, the following
expression is obtained:

0.5

11| £ dy

TRde,min = = (5)
¥y fyad

where vy, is the partial safety factor, typically
taken as 1.4.

In practice, the longitudinal reinforcement
stress at positions with high shear forces (e.g. near
supports) is usually higher than the required
reinforcement ratio - in fact, Eurocode’s detailing
provisions require a minimum amount of
longitudinal reinforcement near the supports even
when the bending moment is zero. Therefore,
equation (5) is considered very safe, since it still
assumes the reinforcement stress to be fyq instead
of the actual (usually lower) stress.

A more refined formula can be applied:

0.5

11{ fadgy Dy

TRde,min — ;- g' L (6)
Yy yd'd preq

where:
- ppr: Actual longitudinal reinforcement ratio;
- Preg: Required longitudinal reinforcement ratio.

For simplicity in practical applications, the
new version of Eurocode 2 only proposes equation
(5) and does not adopt equation (6).
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3.2.3. Comparison with the Current Eurocode 2
Converting into force values, we have:
- Current Eurocode 2:
Videnin = 0.035 . k . f5"* . b. d, with k= 0.15

- New Eurocode 2:

0.5
_ 11 fck 'ddg
TRdc,min - £ d b.z
v yd*

With b = 1000 mm, fo = 32 MPa and varying
the beam depth from 400 to 1500 mm, the
following comparison chart is obtained:

soc =
450 |
40C
350 o
200 -
y 4 —8— Furocode 2 - 1st Gen
25C > 4
y 4 Eurocode 2 -2nd Gen
20C :
150 4 Beam depth (mm)
400 600 800 1000 1200 1400 1600

Figure 9: Vyacminin function of depth (mm)

3.3 Critical Shear Resistance of Concrete

3.3.1 Formulation Development

From equations (2) and (3), it is possible to
solve the system of equations when, at the ultimate
state, Vrdac = VEq . This is equivalent to determining
Vr4e of a cross-section when the shear force at that
section is not yet known.

fodgy )
Vee =k, by 4)
g,.d
where: k =0.015 . (ac/d)*?, VE= Vg
Mg Vg .ag

& = = )
zAgE, zp b, .dE

Thus:

£.d 1/2
Vi, =0.015. £ _p.bE,z| bd

Vien/acd
With z = 0.9d, Es = 200.000MPa, we obtain:
1/3

dgg
Ve =0.6./ 100.p, £ bd

C

A 4
4

Eurocode 2 — 2nd Generation provides the
following simplified expression (with acs = 4d):

1/3
Vrae 0.66 dg
TRde =bR_d’Z :y_.(wo.pl.fck.Tg (7

3.3.2. Comparison with the Current Eurocode 2
Converting into force values, we have:

- Current Eurocode 2:

Vege= 228 1 (10098, )% b, v6i k= 0.15

C

- New Eurocode 2:

Tv

With b = 1000 mm, fi= 32 MPa, p1= 0.5% and
varying the beam depth from 400 - 1000 mm, the
following comparison chart is obtained:

0.66 d 1/3
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300 == Eurocode 2 - 1st Gen

20 ’ Eurocode 2-2nd Gen
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Figure 10: Ve versus beam depth

The final shear resistance of the cross-section
shall be taken as the greater value between Vggc
(from Figure 10) and Vrgemin (from Figure 9)
comparing the concrete section resistance with the
current version:

600

{kN)

550
500
450
400
250 =
200 ‘ @ —@— Eurocode 2 - 1st Gen
350 - Eurocode 2 - 2nd Gen
200
150 Beam depth (mm)
400 600 800 1000 1200 1400 1€00
Figure 11. The final Vyq versus beam depth
(greater value from Figure 9 and 10)

The results in Figure 11 highlight the
significant influence of member size on the shear
resistance Vrge, particularly for beams with large
depths. This is precisely the factor that led to the
changes in the new version of Eurocode.
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3.4. Design of Shear Reinforcement

In the new version of Eurocode 2, there is no
change in the formula for calculating the shear
reinforcement:

A
Tpg = ﬁ'fwd .cot (8)

where Ay is the area of shear reinforcement, b
is the width of beam, s is the spacing of stirrups,
fywa is the design yield strength of the shear
reinforcement, and 0 is the angle of the concrete
compression strut.

The fact that this formula remains the same in the
updated Eurocode is logical because the design
approach is still fundamentally based on the Strut-
and-Tie model. This theoretical framework models
the flow of forces in a concrete member using a truss
analogy, where concrete takes the role of
compression struts and reinforcement acts as tension
ties. Since this underlying concept has not changed,
the equation for calculating required shear
reinforcement continues to be valid and reliable.

Input data
b’ h! d! fckv derAx: 61 w

Calculate parameters
4 e=iu
bid %7 bd

!

Calculate unreinforced
shear resistance

p=

TRde;min? TRd,c
choose larger value

l
\ Yes

-y Check Todi< T,dc
\ /
No

Design stirrups No stirrups
Tog = Ase Sywd cotB@ il
b.s 77
s
g . No
<7 Check 0,4<05f,y =
gk f/j
End Record
configuration

Figure 12: The flow chart

Likewise, based on the anti-bursting concept in
the Strut-and-Tie theory, the limitation on shear
stress (shear force in the previous code) also
remains the same:

v.f

Tpy < ——<d 9
£d cot0 + tan0 ®
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where v is a strength reduction factor and foq4 is
the design compressive strength of concrete.

Example calculation:

DESIGN BEAM FLEXURAL REINFORCEMENT (European Standard - EC2)
© Copyright: 15/2023 CaoTu Hoang allrights reserved
Material Propertics
Concrete £y (cylinder)| 32 MPa

Reinforcement £, (Mpa)| 500 MPa. Exposure | XC

Ye 1.50 Topbranchk  Clss  [[e  +] Relative humidity] 75 %
e 1.00 Horizontal] % 115 Construction| 50 years
fa [2033WPa £ |84 WP
Geometry
widh B[ 40em ] Top cover ¢ Eff. depth d
Height H| 60 em | Bot. coverc | 6.00 em_|
B
126
1
Ac
ot oosion Uncracked height SLS .,
o Vi 2745 em
Al 46% of H
——

Shear cheek
Section type|  Beam/ 1way slab Lever arm 0.48
Vu=| 200 kN y 1.40
Nea =] 0 W Diax 20 mm
21,8°<0<45° dag 36
Stireup inclination| 90 Tedomin = 0.55 Vpa
vl 05 A= 25.13 em’
T 1.4 [Mpa pl= 0.005
G=NEDbhe=| 0 |Mpa
T = 055 [Mpa
Trara=| 933 |Mpa OK
(cm?*/ml)

Strut inclination| 45

As./srequired =[  9.61

Figure 13: Example shear check for a simple case

3.5. Key Considerations in Checking the Shear
Capacity of Structural Members

- Verification in the D-region (discontinuity
region near supports or concentrated loads): For
members subjected to significant concentrated
loads located at a distance less than d from the
support, it is recommended to design using the
Strut-and-Tie Model (STM) or by reducing the
shear stress, as specified in the previous version of
Eurocode. This approach is particularly relevant
for elements such as corbels or pile caps.

- At the support, attention should be paid to the
tensile force induced by shear, which may be
distributed equally between the top chord and the
bottom chord of the beam.

Nyq =[Viq|-cot0 (10)
M
F, =kl L+ Nyg + Ngg (11)
zZ 2
E, = Mgg  Nyg +Ngg (12)
zZ 2
3.6 French National Annex - Anchorage

verification at supports

The distribution of the tensile force induced by
diagonal shear at the support is considered
relatively sensitive from a design perspective.
Some members of the French Eurocode committee
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have proposed using a different diagonal
compression angle, referred to as 04, which can be
understood as an average diagonal compression
angle used to calculate the tensile force generated
by shear near the edge support.

Z cot(8)12 Z cot(8)12

2s0 ]

1st crack

Figure 14: Strut-and-tie model
at the edge support

04 is calculated using the following formula:

coty, =(a+zcoty—cym)/2z  (13)

The tensile force induced by shear:
Nyg =[Vgql-cotq (14)

INPUT

[ Material

Beam's concrete (MPa), fck 30 Coefficient for long-term, ccc 1

Support's concrete (MPa), fck2 50 Steel Yield strength (MPa), fyk 500

Concrete safety factor, yc 15 Steel safety factor, ys 1.15
[Geometry

Beam width (mm), B 500 Support width (mm), Bsupp 500
Beam depth (mm), H 1000 Support Length (mm), Lsupp 800
Strut's angle cotan(6) 1 | Concrete cover (mm), ¢ 50

Shear link's angle (deg), o 90 Cover to rebar axis(mm), so 100

[Bottom Reinforcement

Number of rebars, N 5 Rebar's shape

® P L ~
Rebar's diameter (mm), D 28 (choose 1 type)
[Loading (Tension: negative, Compression: positive)
Shear force (kN), VEd 1000 Axial force (kN), Ned 0
STRESS CONTROL REINFORCEMENT VERIFICATION
Stress at support, Gsupp 2.67 MPa Main tie force, FEd 1086 kN
Allowable stress, ORd,max 22.67 MPa Required rebars, Arq 24.99 can2 ¥
Nodal stress in beam, Obeam 4.51 MPa Check OK
Allowable stress, GRd max 14.96 MPa HNote: Ten:
Check OK number of rebars in the input to match the actual anchorage percentage

Figure 15: Example of support anchorage check
by BTF software

Note: In addition to checking the anchorage
forces of longitudinal reinforcement, it is also
necessary to verify the stresses at the nodal zones
as required by Eurocode for the Strut-and-Tie
model. In this example, the C-C-T (compression—
compression—tension) node is subject to a

significantly reduced maximum allowable stress
compared to fuk (according to Eurocode 2).

4. CONCLUSION

The wupdated shear design provisions in
Eurocode 2 are derived from the Critical Shear
Crack Theory (CSCT), which provides a more
accurate representation of the shear resistance
mechanism in concrete. CSCT explains the
reduction in shear capacity as cracks develop and
widen, while also highlighting the close
relationship between deformation, crack width, and
the ability of concrete to transfer shear stresses.

A major strength of this approach is that it
incorporates practical influencing factors such as
aggregate size, member depth, and structural
working conditions. As a result, the shear
resistance of concrete is no longer treated as a
fixed empirical value, but rather described through
the physical mechanism and actual deformation
behavior of the material.

The implementation of CSCT in Eurocode 2
leads to a design approach that is theoretically
more consistent while also ensuring greater
practical safety. This is particularly important for
members with large spans or those requiring high
reliability, where previous empirical formulas
often proved ecither overly conservative or

inadequate.
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