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DISCLAIMER

CONSIDERABLE TIME, EFFORT AND EXPENSE HAVE GONE INTO THE
DEVELOPMENT AND TESTING OF THIS SOFTWARE. HOWEVER, THE USER
ACCEPTS AND UNDERSTANDS THAT NO WARRANTY IS EXPRESSED OR
IMPLIED BY THE DEVELOPERS OR THE DISTRIBUTORS ON THE ACCURACY
OR THE RELIABILITY OF THIS PRODUCT.

THIS PRODUCT IS A PRACTICAL AND POWERFUL TOOL FOR STRUCTURAL
DESIGN. HOWEVER, THE USER MUST EXPLICITLY UNDERSTAND THE BASIC
ASSUMPTIONS OF THE SOFTWARE MODELING, ANALYSIS, AND DESIGN
ALGORITHMS AND COMPENSATE FOR THE ASPECTS THAT ARE NOT
ADDRESSED.

THE INFORMATION PRODUCED BY THE SOFTWARE MUST BE CHECKED BY
A QUALIFIED AND EXPERIENCED ENGINEER. THE ENGINEER MUST
INDEPENDENTLY VERIFY THE RESULTS AND TAKE PROFESSIONAL
RESPONSIBILITY FOR THE INFORMATION THAT IS USED.
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1 Introduction

The design of concrete shell in accordance with the “Eurocode 2: Design of concrete structures —
Part 1-1: General rules and rules for buildings” (EN 1992-1-1, 2004) and “Eurocode 2: Design of
concrete structures — Part 2: Concrete bridges — Design and detailing rules” (EN 1992-2, 2005) is
seamlessly integrated within the program. Initiation of the design process, along with control of
various design parameters, is accomplished using the Design menu. Automated design at the
object level is available for this design code, as long as the structures have first been modeled and
analyzed by the program. Model and analysis data, such as material properties and member forces,
are recovered directly from the model database, and are used in the design process in accordance
with the user defined or default design settings. As with all design applications, the user should
carefully review all of the user options and default settings to ensure that the design process is
consistent with the user’s expectations.

The default implementation in the software is the CEN version of the code. Additional country
specific National Annexes are also included. The Nationally Determined Parameters are noted in
this manual with [NDP]. Changing the country in the Design Preferences will set the Nationally
Determined Parameters for the selected country as defined in Appendix B.

It is important to read this entire manual before using the design algorithms to become familiar
with any limitations of the algorithms or assumptions that have been made.

For referring to pertinent sections of the corresponding code, a unique prefix is assigned for each
code.

= Reference to the EN 1992-1-1:2004 code is identified with the prefix “EC2-1.”

= Reference to the EN 1992-2:2005 code is identified with the prefix “EC2-2.”

1.1 Units

Units

The EC2-1 and EC2-2 design codes are based on Newton, millimeter, and second units and, as
such, so is this manual, unless noted otherwise. Any units, imperial, metric, or MKS may be used
in the software in conjunction with Eurocode 2 design.
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1.2 Concrete Shell Design

Concrete shell design consists of calculating the amount of reinforcement in the membrane layers
required to resist bending moments and axial forces, and shear demand-over-capacity ratio at the
nodes of the shell member. The design results at other locations within the shell elements are
averaged from those at the nodes.

Program output can be presented graphically on the model and in tables for both input and output
data. For each presentation method, the output is in a format that allows the engineer to quickly
study the stress conditions that exist in the structure, and in the event the member is not adequate,
aid the engineer in taking appropriate remedial measures.



2 Design Algorithms

This chapter provides an overview of the basic assumptions, design preconditions, and some of
the design parameters that affect the design of concrete shell.

2.1 Design Capability

The program has the ability to check for concrete cracking of the shell member, design for the
amount of longitudinal reinforcement in the membrane layers required to resist bending moments
and axial forces, check for shear demand-over-capacity ratio, and design for the amount of
transverse reinforcement to resist shear forces at the nodes of the shell member. The design
algorithm including iteration to determine the thickness of the outer layers and the optimum
amount of reinforcement follows the procedure described in Brondum-Nielsen (1974), Colombo
et al. (2014), and Craveiro et al. (2021). The shear design with truss model approach and the
associated increase in membrane forces is derived from Marti (1990.)

Design Capability 3



3 Design Process

This chapter provides a detailed description of the algorithms used by the programs in the
design/check of structures in accordance with “Eurocode 2: Design of concrete structures — Part
1-1: General rules and rules for buildings” (EN 1992-1-1, 2004) and “Eurocode 2: Design of
concrete structures — Part 2: Concrete bridges — Design and detailing rules” (EN 1992-2, 2005.)

3.1 Notations

Notations

The various notations used in this chapter are described herein.

at, a? Thickness of the top and bottom layers, respectively, mm

Agw1, Agwas Area of transverse reinforcement per unit length in direction 1

Agw and 2, and principal shear direction, respectively, mm?/mm

AL, Als’1 Area of reinforcement per unit length of the top and bottom
layers along direction 1, respectively, mm?/mm

AL, AL, Area of reinforcement per unit length of the top and bottom
layers along direction 2, respectively, mm?/mm

fe Concrete compressive strength of the outer layer, N/mm?

fea Design value of concrete compressive strength, N/mm?

fea1 Compressive strength of uncracked concrete, N/mm?

feaz Compressive strength of cracked concrete, N/mm?

fex Characteristic compressive cylinder strength of concrete at 28
days, N/mm?

fya Design yield strength of reinforcement, N/mm?

fyk Characteristic yield strength of reinforcement, N/mm?

h Thickness of the shell element, mm
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Notations

ht, h?

h_gl’ h?l

h_gZ’ h?z

Mlla M22a M12
Nlla NZZa N12
Nltla Nlbl
NZtZ’ NZbZ
N1t2’ N1bz

NE, N2
Nrglaxa N#Lax
anina N}‘:Lin

t b
Nslla Nsll

t b
NsZZa NSZZ

t b
Ndllﬂ Ndll

t b
Nd229 Nd22

Distance from the center of the shell element to the center of
the top and bottom layers, respectively, mm

Distance from the center of the shell element to the center of
the reinforcement in the top and bottom layers along direction
1, respectively, mm

Distance from the center of the shell element to the center of
the reinforcement in the top and bottom layers along direction
2, respectively, mm

Resultant moments per unit length of the shell element, N/mm

Resultant axial forces and in-plane shear force per unit length
of the shell element, respectively, N/mm

Axial force component per unit length along direction 1 at the
center of the top and bottom layers, respectively, N/mm

Axial force component per unit length along direction 2 at the
center of the top and bottom layers, respectively, N/mm

Shear force component per unit length at the center of the top
and bottom layers, respectively, N/mm

Principal compressive force per unit length at the center of the
top and bottom layers, respectively, N/mm

Maximum principal force per unit length at the center of the
top and bottom layers, respectively, N/mm

Minimum principal force per unit length at the center of the
top and bottom layers, respectively, N/mm

Axial tensile force component per unit length along direction 1
at the center of the top and bottom layers to be resisted by the
top and bottom reinforcement, respectively, N/mm

Axial tensile force component per unit length along direction 2
at the center of the top and bottom layers to be resisted by the
top and bottom reinforcement, respectively, N/mm

Design axial force component per unit length along direction 1
at the reinforcement location and to be resisted by the top and
bottom reinforcement, respectively, N/mm

Design axial force component per unit length along direction 2
at the reinforcement location and to be resisted by the top and
bottom reinforcement, respectively, N

Design Process
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Design Process

S

t t t
Slla 522’ 512

b b b
Slla 522’ 512

m ¢m ¢cm
511’5229512’
m cm
5139523

Vla VZ

Vo

VRd,c

VRd,max

Ucc

acr

Po
Yc

Vs

Spacing of transverse shear reinforcement, mm

Axial stresses in direction 1 and 2, and in-plane shear stress at
the top of the shell element, respectively, N/mm?

Axial stresses in direction 1 and 2, and in-plane shear stress at
the bottom of the shell element, respectively, N/mm?

Axial stresses in direction 1 and 2, in-plane shear stress, and
transverse shear stresses at the middle of the shell element,
respectively, N/mm?

Resultant transverse shear forces per unit length of the shell
element in direction 1 and 2, respectively, N/mm

Resultant transverse shear force per unit length of the shell
element in principal shear direction, N/mm

Concrete shear capacity per unit length of the shell element in
principal shear direction, N/mm

Maximum shear capacity per unit length of the shell element
in principal shear direction, N/mm

Coefficient taking account of long-term effects on the
compressive strength and of unfavorable effects resulting from
the way the load is applied

Coefficient taking account of long-term effects on the tensile
strength and of unfavorable effects resulting from the way the
load is applied

Strain at concrete compressive strength f.4
Yield strain of reinforcement

Angle between 1-direction and the principal tensile direction
(perpendicular to the cracks)

Angle between 1-direction and the principal shear direction
Partial factor for concrete

Partial factor for reinforcement
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3.2 Design Load Cases and Combinations

The shell structure is to be designed based on the load cases and/or combinations defined by the
users. For multi-step load cases or combinations with envelope option selected for output, the
design is carried out for the set of forces/moments at each step, and the final design results are
enveloped over all the steps. If the load case or combination has double values with maximum
and minimum in the output such as the case with response spectrum, steady state, or power-
spectral density, the maximum and minimum values of the membrane force components N; 1, N5,
and N;, (as described in the next section) are determined and the design is performed for eight
(8) permutations of these membrane forces.

For the load combination defined with envelope combination type, the design is carried out for
each set of forces/moments at each step of each sub-level load case (or combination) within the
defined load combination, and the final design results are enveloped over all the steps of all the
sub load cases (or combinations). If the sub-level load combination is defined with envelope type,
the same procedure as described precedingly is done for this sub-level load combination.

3.3 Cracked/Uncracked Shell

The shell elements are checked for cracking condition at three (3) different levels (i.e., top,
middle, and bottom) as follows:

®=a1—2+1£+'3’_1 1{S0 Uncracked

(EC2-2 Eq. LL.101)

féa " fea faa >0 Cracked
where:
1
]2 = g [(0-1 - 02)2 + (0-2 - 03)2 + (03 - 0-1)2] (EC2'2 Eq LL102)
J3 = (01 — o) (03 — 01) (03 — O) (EC2-2 Eq. LL.103)
Om =301+ 03 + 03) (EC2-2 Eq. LL.105)
1
a =g (EC2-2 Eq. LL.106)
c1C0S [l aTCOS(CZCOS39)] for cos36 > 0
A= B (EC2-2 Eq. LL.107)
c1C0S [5 -3 arcos(—c, COS39)] for cos360 < 0
B=— (EC2-2 Eq. LL.108)
3V3 ]
cos30 == %n (EC2-2 Eq. LL.109)
0 =—os (EC2-2 Eq. LL.110)
¢, =1—6.8(k —0.07)? (EC2-2 Eq. LL.111)
jo = Letd (EC2-2 Eq. LL.112)

fea
fea and f4 are the design value of compressive and tensile strength of concrete. They are used
to calculate ® and k instead of f_,, and f_;,, as described in EC2-2 Eq. LL.101 and LL.112.

fea and f+4 are determined as follows:

Design Load Cases and Combinations 7
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_ fetk0.05
feta = Qe ————
P c
k
fea = aCCL
¢ Yc

feta = 0.7 fctm
030723 fox <50 MPa

C

2.12In (1 + ];C—’g) fa > 50 MPa

fem = fer +8 (MPa)

fox = characteristic compressive cylinder strength of concrete at 28 days

yc = partial factor for concrete

acc = coefficient taking account of long-term effects on the compressive strength and
of unfavorable effects resulting from the way the load is applied

acr = coefficient taking account of long-term effects on the tensile strength and of
unfavorable effects resulting from the way the load is applied

fetm =

01, 0,, and o3 are the principal stresses at the three levels considered and derived from the
following stress tensors:

St S, 0 o
Top level: |st, st o|—=1{ o3
o 0 o (et=0

S Sz Sis o
Middle level: [ST53 S35 SE| = <o
S% S0 ot
sb, sb, 0 of
11 912

Bottom level: |gb gb o] = ol
0 0 0 =0

For the middle level, the shear stresses S1% and S7% are determined by the Jourawski method:

Vi

S =15—
13 h
V2

S =15—
13 h

where V; and V, are the resultant shear forces on the shell element in directions 1 and 2,
respectively, and h is the thickness of the shell element.

In case the shell element is uncracked, the design is satisfied. Nothing else needs to be checked
even the principal stress because the design strength of concrete, f,.; and f,;4, are used calculate
® and k instead of f_,,, and f.-

For the case in which shell element is determined as cracked, the design for longitudinal and
transverse reinforcement is described in the subsequent sections.

Cracked/Uncracked Shell 8
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3.4 Three-Layer (Sandwich) Design Model

In general, shell elements are subjected to eight stress resultants. Those are the three membrane
force components Ny, N5, and N;,; the two flexural moment components M;4 and M,, and the
twisting moment M, ,; and the two transverse shear force components V; and V, (Figure 3-1.) For
the purpose of design, the shell is isolated as a unit element. It is further idealized as comprising
two outer layers and an uncracked core — this is sometimes called a "sandwich model." The outer
layers of the sandwich model are assumed to carry moments and membrane forces, while the
transverse shear forces are assigned to the core as shown in Figure 3-2. The dimensions of the
sandwich layers and the location of the reinforcement are illustrated in Figure 3-3. The design
implementation in the software assumes there are no diagonal cracks in the core. In such a case,
a state of pure shear develops within the core, and hence the transverse shear force at a section
has no effect on the in-plane forces in the sandwich covers. Thus, no transverse reinforcement
needs to be provided, and the in-plane reinforcement is not enhanced to account for transverse
shear.

It is important to note that the design will not be performed for the case in which the sum of the
concrete covers of the top and bottom reinforcement exceeds 95% of the shell section thickness.
It is to avoid any problem associated with numerical difficulties in calculation of the forces in the
reinforcement at its actual location.

3

Figure 3-2: Idealized sandwich model

Three-Layer (Sandwich) Design Model 9
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w
w

Figure 3-4: Loads on the outer layers of the sandwich model

3.41 Design for Axial Forces and Bending Moments

The membrane forces of the top and bottom layers of the sandwich with respect to the center of
the layers as shown in Figure 3-4 are determined as follows:

_ t Nllhb - Mll
Mcenter of the bottom layer — 0- N11 - ht + hb

_ t _ szhb - M22
Mcenter of the bottom layer — 0- N22 - ht + hb

_ t _ lehb - M12
Mcenter of the bottom layer — 0- N12 - ht + hb

Z Mcenter of the top layer =0- N11 = ht + hb

Ny, ht + My,
Z Mcenter of the top layer =0- NZbZ = ht + hb

2 Mcenter of the top layer =0- N12 = ht + hb

For the top (or bottom) membrane element as shown in Figure 3-5(a), the forces required to be

Three-Layer (Sandwich) Design Model 10
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resisted by the reinforcement (Nf;; and N,,) and concrete (N}) at the center of the layer are
determined as follows:

In Figure 3-5(b): Y F, =0-NY; =N + Nf,tanf

Y F, =0 - NS5, = N}, + N, cotf

t
: . — t Ny,
- = - - 12
In Figure 3-5(c): YF, =0- N P —s
sind cosf
Nj,sing Ni;cos6
INf,sind £, cos0
wi 1 phdl 1
7
Nf,cos0
N& ,s5in6 N{;sinf >
Nf,cosf p 't cost £
N{i,sin6
Nsrzzsine N
2 2
(&)

()
Figure 3-5: Top layer: (a) forces per unit length; (b) section parallel to the crack; (c) section

perpendicular to the crack

For design case I in which the reinforcement is required in both directions, 8 = 45° provides the
most economical amount of reinforcement and results in:

Niy = Nfy + NS, |
N&z = N3; + [Nf|
th = —2|N1t2|

If NY; <0 or Nf; < —|N&, |, which is design case 11, the reinforcement in direction 1 is not
required. Assuming N ; = 0:

Nt
tanf = —%
12 ‘2
(N12)
Ntzz = Nztz B
S My
(Ni3)
N¢ = Nf; +—5—
c 11 N1t1

If NS, < 0 or Nf, < —|Nf,|, which is design case III, the reinforcement in direction 2 is not
required. Assuming N%,, = 0:

Nt
tanf = — #
22

Three-Layer (Sandwich) Design Model 11
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(Ni2)*
N1 = Nf; —
s11 11 tNZtZZ
N
N¢ = Nj, + ( 1t2)
N22

If both Ni; < 0and N5, < 0, which is design case IV, the reinforcement in both direction is not

required. In this case, the value of N¢ is the minimum principal force N\ ;,,.

The principal forces are obtained by:

2
Nltl+N2tZ Nt _Nt
N =——=+ e e A T (N£,)?

2 2

NGNS, \/(Nltl — N3

2
N =22 ) 4y

The forces N, ; and N&,, are calculated at the center of the layer. The forces in the reinforcement
at its actual location is determined as illustrated in Figure 3-6:
Case (a) — reinforcement required in both top and bottom layer:

Nstn(ht + h?l) + Nsbn(h?l - hb)
(hgl + h?l)

_ t
Z Mbottom reinforcement — 0- Ndll -
b _ nt b t
Ng11 = Ns11 + Ng11 — Ngqy
Case (b) — reinforcement required in top layer only:

t t b
2 M he b . =0 —> Nt = w
center of the bottom layer di1 (h§1 + hb)

b _ Nt t
AN7) = Ng11 = Ngi1
Case (c) — reinforcement required in bottom layer only:

b b

21\/1 ter of the top | =0_,N511=w
center o e top tayer

(hgy +ht)

ANf1 = Nsb11 - Ngn

Three-Layer (Sandwich) Design Model 12
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(@)

t
Ndll

t
Nsll

(b)

()

Figure 3-6: Loads on the reinforcement for case in which the reinforcement is required in:
(a) both top and bottom layers; (b) only top layer; (c) only bottom layer

The forces in the reinforcement along direction 2 are determined similarly.

The required area of reinforcement per unit length and the design thickness of the top and bottom
layers are then computed as:

where:

fck

Atl — thll
g fyd
t
Atz — Nd22
s
z
at = Ne
fe .
b Ndll
Asl -
fyd
b
Abz Nd22
s
fya
b N
a —
fe
fyk
fra =22
ve Vs
fea = acc—

Yc
fya = design yield strength of reinforcement

fyr = characteristic yield strength of reinforcement

ys = partial factor for reinforcement

fea = design value of concrete compressive strength

fox = characteristic compressive cylinder strength of concrete at 28 days

acc = coefficient taking account of long-term effects on the compressive strength and

of unfavorable effects resulting from the way the load is applied

yc = partial factor for concrete

Three-Layer (Sandwich) Design Model

13
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As the outer layer (top or bottom) of concrete is subjected to the set of forces N;1, No,, and N;,,
the concrete compressive strength, f, is computed as follows:

For uncracked concrete:
f c = f cdl = f cd

For cracked concrete:

fe = feaz = V1fea

where:

vy = 0.6 (1 — L) where £y, is in MPa (EC2-1 Eq. 6.6N)

v; can also be found in National Annex (Appendix B)

For design cases I, I, and III, in which the concrete is assumed to be cracked, f is interpolated
between the values of f,.4; and f,4, based on the model by Vecchio and Collins (1986) that the
compressive strength of concrete decreases as the maximum tensile strain &; increases:

fcdz .B < 0-6
fcdl
_ 06<p<10
fe=408-034 (5—1)
Ec3
fcdl 1-0 < .B
~ 1.0
- _ &
0.8 — 0.34 (863)

Z(Eyd - 0.5563) Design case |
2
Eyq — Ec3€0S5“0
& = sin?6
P2
Eyq — Ec3Sin“6

Design case 11

0520 Design case 111

where:

&yq = yield strain of reinforcement

&.3 = strain at concrete compressive strength f,.4
0 = angle between 1-direction and the principal tensile direction (perpendicular to the
cracks)

For design case IV, in which the concrete is uncracked, the concrete compressive stress is taken

as fe = fear

The entire procedure as described in this section assumes the values of the design thickness of the
top and bottom layers are known to start the design, and at the end these thicknesses are
determined again. An iteration is then implemented to ensure the initial and final thicknesses are
matched. The steps of the iteration are as follows:

1. Assume both thicknesses of the top and bottom layers have the value of 0.2h

Three-Layer (Sandwich) Design Model 14
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3.4.2

2. Calculate the forces at the center of the top and bottom layers

Determine the design case for each layer

4. Compute the forces to be resisted by the reinforcement at the center of each layer in each
direction and the compressive force to be resisted by concrete

5. Adjust the forces for reinforcement design at the actual location of the reinforcement in
each direction and each layer. For the design case and the direction in which there is only
one layer of reinforcement required, determine AN and update the forces in the other layer
if AN # 0. For this layer without the reinforcement, re-determine the design case and the
compressive force to be resisted by concrete.

6. Calculate the thickness of the top and bottom layers. If the difference of these thicknesses
and those assumed in step 1 is within specified tolerance, the required reinforcement is
calculated, and the design is done. Otherwise, the newly assumed thickness is taken as the
average of these thicknesses and the previously assumed thicknesses, and the procedure is
repeated from steps 2 to 6.

W

Design of Shell with Single Layer of Reinforcement

The layered-sandwich model is also applied for the design of shell element with a single layer of
reinforcement. However, the reinforcement layer is assumed to be at the middle of the shell
section and the design amount of reinforcement is reported as the top layer while that of the
bottom layer is taken to be zero. For the design cases in which only one layer of reinforcement is
required (either top or bottom, not both) or no reinforcement is required for top and bottom layers,
the design is carried out as described in preceding section.

For the design case that results in both top and bottom reinforcement required, the design force
in the reinforcement at its location at the middle of the shell section is determined as illustrated
in Figure 3-7 for the design in direction 1.

Since reinforcement is needed for both top and bottom layers but only a single layer of
reinforcement is provided at the middle of the shell section, either AN, or AN, must equilibrate
Nf,, N5, and Nf, (or NB, N2, and N£,) of the top or bottom layer such that after being adjusted
by AN{; or ANE, the reinforcement is no longer needed for the top or bottom layer. Two scenarios
are carried out to determine N3, as follows:

1. LetAN{; = —(Nf; + IN;1) = Nfy ypaatea = Niz + ANf; = —|Nf, |
- Nstll_updated = Nltl_updated + |N1t2| =0

Therefore, reinforcement is not required for the top layer. Using moment equilibrium equations
to solve for the design axial force component per unit length along direction 1 at the reinforcement
location (middle layer), we arrive at the following equation:

= t  _ (Nstll_updated - ANfl)(hf + hb)
M enter of the bottom layer = 0- Nty = -

Z F=0-AN) = Ni1 upaatea + N&1 — ANf; — Njpq

Three-Layer (Sandwich) Design Model 15
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— b — —
2. LetAN{, = _(Nlbl + |N1b2|) = Ni1 updatea = Ny + ANY, = _|N1b2|
b _ nb b | —
- Nsll_updated - Nll_updated + |N12| =0

Therefore, reinforcement is not required for the bottom layer. Using moment and force
equilibrium equations to solve for the design axial force component per unit length along direction
1 at the reinforcement location (middle layer), we arrive at the following equation:

M — 0= Nt = (NSbll_updated - ANlbl)(ht + hb)
center of the top layer — = Nji1 = P

z F =0- ANf; = N1 + N2y upaatea — DNPL — Njpy

The N&,; computed in the 2 scenarios above are compared and the case providing the smaller
NE,; is selected as the optimal design for reinforcement.

The design force in the reinforcement along direction 2 are determined similarly.

il e R L R 71\]3 i A 2 _._mt
t t
Nsllfupdated 11 Nsii 11
ht t ht 4
o 4 m e Ndll g 4 e s o Ndll
h? hP
b b
Ns14 ANfl Nsllﬁudpated ﬁNlbl

Figure 3-7: Loads on single layer of reinforcement — Left: case 1; Right: case 2

3.4.3 Design for Shear

For shear design, the shear demand in the direction of principal shear is calculated as follows:

V, =V +V} (EC2-2 Eq. LL.121)
Vo Vo
Vzh at —a
tang, = - (EC2-2 Eq. LL.122)
1

The concrete shear strength is determined by:

Vrae = Crack(100p,fe)*® + ki0p = (Vinin + k10cp)  (EC2-1 Eq. 6.2.a & 6.2.b)

where:
fex = concrete strength in MPa.
k=1 +\/¥S 2.0 withd in mm.
P = Prcos?@, + psin®e, < 0.02 (EC2-2 Eq. LL.123)
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Concrete Shell Design EN 1992-1-1:2004 Design Process

Ass + A3
Pu=—F—
Asy + A5,
Po=—F—
Ocp = Ocp1C0S2 @y + Oppasin®e,
Ny
Ocp1 = T < O-chd
N3z
Ocp2 = a < 0.2fcq
Vinin = 0.035k3/2 £/ (EC2-1 Eq. 6.3N)

d = d;cos?g, + d,sin?g,
dy = h —max{c{’,0.5a"} — max{c}’,0.5a"}
d, = h —max{c},0.5a'} — max{c}’, 0.5a"}
o _fci A4 >0
b {O Al =0

b,z{cf A% >0

c
! 0 4% =0
tr cs AL, >0

2 = t _

0 AL, =0
br Cg A?Z >0

G = b _

0 4%, =0

cf and ¢} are the concrete cover measured from the top of the section to the center of top
reinforcement in directions 1 and 2, respectively. And c? and c? the concrete cover measured
from the bottom of the section to the center of bottom reinforcement in directions 1 and 2,
respectively. For shell element with single layer of reinforcement, as the reinforcement layer is
assumed to be at the middle of the shell section and the design amount of reinforcement is reported
as the top layer, ¢} and c{ are both taken as half of the thickness of the shell section while c? and
c? are both taken to be zero in calculation of d; and d,.

The values of Crg ¢, Vimin, and k; are found in National Annex as described in Appendix B.

If v, < vpg., the concrete shear capacity is sufficient and transverse reinforcement is not
required. Otherwise, the longitudinal reinforcement in the direction of principal shear, p;, will be
increased to p;, such that:

Vo = Vgae = Cra,ck(100py,fe) /3 + kyopy (EC2-1 Eq. 6.2.a & 6.2.b)

Py can be back-calculated as:

1 Vo — k10¢p 3
= < 0.02
P 100fck< Crack ) =

If p;, < 0.02, meaning the concrete shear capacity is sufficient to resist shear demand by
increasing longitudinal reinforcement, then all top and bottom longitudinal reinforcement in

directions 1 and 2 will be increased by the ratio %, For the design case in which longitudinal
l
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reinforcement is not required in the outer layers in both directions, resulting in p; = 0, transverse
reinforcement will be determined as described subsequently.

Otherwise, if p;, > 0.02, the transverse reinforcement will be provided, and longitudinal
reinforcement in directions 1 and 2 is re-determined to account for the increase of the membrane
forces as follows:

Niqp = V;l, cot6
2
Nyypy = 2 cotf
o
12p = 1—VzcotH
o
N, = (Ni1 + Nygp)h? — My
ht + hP
NE. = (Nzz + Npzp)h? — My,
22 ht + b
¢ _ (Nip + Nigp)h? — My,
1z ht + h?
NP = (N1 + Nygp)h' + My,
we ht + b
ND = (Np + Nppy )R + My,
22 ht + h?
NP, = (Ny, +}]:/t12v)hf2t + M,
+

where 6 is the angle of the inclined concrete compression strut. It is taken as 45-degree by default
and can be modified in the Preference form by the user.

The design for longitudinal reinforcement to resist the updated membrane forces is carried out.
As the EC2 code alllows this increase of membrane forces be subtituted by a shift in the
longitudinal reinforcement as described in EC2 9.2.1.3(2), an option to whether or not include
this additional tensile force is available in the Preference form.

It is worth noting that for load case and/or combo with multi-steps, any load step that results in
insufficient concrete shear capacity even though longitudinal reinforcement has been increased,
and transverse reinforcement is required, all other load steps will be re-designed with the
assumption that the transverse reinforcement is to be provided.

The transverse reinforcement is determined by:

Aow Yo (EC2-1 Eq. 6.8)

s Zfyqcotd

To prevent crushing of the concrete compression struts, the shear resistance is limited by the
maximum value of Vg4 max:

1

Vramax = acwbwzvlfcdm (EC2-1 Eq. 6.9)

where:
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z=d

b,, = 1 as the design is performed over a unit of shell element

fya = design yield strength of reinforcement

. = 1 to account for the state of stress in the compression chord

vy = 0.6 (1 — L) where £y, is in MPa (EC2-1 Eq. 6.6N)

a.y and v; can also be found in National Annex (Appendix B)

ASW
s

The required amount of transverse reinforcement in the principal shear direction, ==, is provided

A .
SSWZ, respectively, through the

. . L A
by the transverse reinforcement in the directions 1 and 2, SS—Wl and

following relations:
Asw Aswl) 2 (ASWZ) )
( . )—( S cos“@, + . sin“@,
Aswl
)
Ast
(F22)
Resulting in:

()= (%) ——

cos?@, + |%| sin?g,
1

(Asw2> - &| (Asw1>
\ S Vi s

A

£
£
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Appendix B
Nationally Determined Parameters (NDPs)

This appendix provides a listing of the Nationally Determined Parameters
(NDPs) used by default for the various country implementations. Several of these
parameters can be modified through the design preferences.

Table B-1 CEN Default NDPs

NDP Clause Value
Ye 2.4.2.4(1) 1.5
¥s 2.4.2.4(1) 1.15

ace 3.1.6(1) 1.0

Max fy 3.2.2(3) 600MPa

Crac 6.2.2(1) 0.18/yc

Vmin 6.2.2(1) 0.035k3/2f /2
ks 6.2.2(1) 0.15

Cotd 6.2.3(2) 1.0 < Coth < 2.5
v 6.2.3(3) 0.6 (1 - zf;ko)
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Table B-2 United Kingdom NDPs

NDP Clause Value

3.1.6(1) 0.85

Table B-3 Slovenia NDPs
All parameters for Slovenia concrete shell design are as those by CEN Default.

Table B-4 Norway NDPs

NDP Clause Value

ace 3.1.6(1) 0.85

0.15 for compression

ki 6.2.2(1) )
0.3 for tension

Table B-5 Singapore NDPs

NDP Clause Value

Ace 3.1.6(1) 0.85

Table B-6 Sweden NDPs
All parameters for Sweden concrete shell design are as those by CEN Default.

Table B-7 Finland NDPs

NDP Clause Value
Qcc 3.1.6(1) 0.85
Max fy 3.2203) 700MPa
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Table B-8 Denmark NDPs
NDP Clause Value
Ye 2.4.2.4(1) 1.45
s 2.42.4(1) 1.20
Max fy 3.2203) 650MPa
Table B-9 Portugal NDPs
NDP Clause Value
Max fy 3.2203) 500MPa
Table B-10 Germany NDPs
NDP Clause Value
QAcc 3.1.6(1) 0.85
Max fyy 3.2203) 500MPa
Cra,c 6.2.2(1) 0.15/y¢
(0.0525/yc)k3/2f3/* for d < 600mm
Vrnin 6.2.2(1) 1
(0.0375/yc)k3/2f3/* for d > 800mm
ky 6.2.2(1) 0.12
Cotf 6.2.3(2) 1.0 < Cotb < 3.0
0.75v, where
vy 6.2.3(3) for

VU, = (11 -

)< 1.0

500
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Table B-11 Poland NDPs
NDP Clause Value
Yc 2.4.2.4(1) 1.4
Cot6 6.2.3(2) 1.0 < Cotf < 2.0
Table B-12 Ireland NDPs
NDP Clause Value
Acc 3.1.6(1) 0.85
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