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Abstract. For the first time in European design
standards for concrete structures, specifically in
Annex G (normative), the new version of Eurocode
EN 1992-1-1:2023 pays focused attention to the
design of membrane, shell and slab elements and
proposes a modern approach for their calculation.

As a method of optimal design for reinforced
concrete shells, slabs and membranes, Annex G
proposes the so-called sandwich model - where the
shell is represented as a three-layer model
consisting of two load-bearing layers (top and
bottom) and an intermediate layer between them.

When designing using the sandwich model - a
spatial problem (bending + torsion + membrane
forces) is transformed into two membrane problems
for the top and bottom layers. That is,
transformation of a three-dimensional stress state
into two layers (top and bottom) with equivalent
membrane stresses.

The sandwich model is a rigorous mechanical
model that allows reducing a complex spatial
problem (shell with combined forces) to two
independent plane problems (membrane elements in
the top and bottom layers) through statically
equivalent transformation of forces into stresses.

The sandwich model is based on transforming
the combination of forces (membrane, bending and
torsional) into a statically equivalent system of in-
plane stresses acting in the top and bottom layers of
the model.

Basic assumptions of the method:

a) three-layer model: the shell is represented as a
structure with two load-bearing layers (top and
bottom) and an intermediate layer between
them;
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b) static equivalence: internal forces are
transformed into in-plane stresses in such a
way as to maintain complete static equilibrium;

¢) independent layer design: each layer (top and
bottom) is designed separately as a membrane
element according to clause G.3.

The formulations presented in Annex G of EN
1992-1-1:2023 in clauses G.3 and G.4 are consistent
with the clauses and design provisions in Section 8
(Ultimate Limit States (ULS)) of the main body of
the document, and clause G.5 contains additional
provisions to 9.2 (Crack Control) of these standards.
Annex G covers the design of planar members
without discontinuities in the concrete mass. Other
more refined design methods complying with clause
7.3.3 (Plastic Analysis) or clause 7.3.4 (Non-linear
Analysis) of Eurocode 2 may be used.

Thus, Annex G (Design of Membrane, Shell and
Slab Elements) does not replace, but supplements
the main sections of Eurocode 2, namely - general
principles, materials (c-¢ diagrams), cross-section
design for ULS, crack resistance and SLS.

Keywords: design of membrane; shell and slab
elements; sandwich model..
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PROBLEM STATEMENT

For the first time, the so-called sandwich
model for optimal design of reinforced concrete
shells and slabs was proposed in 1974 by
Danish scientist Troels Brondum-Nielsen [1]

In his proposed design method, an
infinitesimal shell element was divided by
height into three layers, including two outer
layers and a core layer, called the three-layer
Basic Sandwich Model (BSM). In this
approach, membrane forces, bending and
torsional moments are carried only by the outer
layers of the shell.

The Basic Sandwich Model (BSM) has
disadvantages due to neglecting different lever
arms of all forces and the assumption that the
resultant forces in steel act in the mid-plane of
the outer layer, which can lead to unsafe design
at large torsional moments or high
reinforcement ratios.

The core in the basic sandwich model is
considered to carry transverse shear forces. The
design implementation assumes the absence of
diagonal cracks in the core. Under this
assumption, a state of pure shear develops in the
core, which means that the transverse forces in
the section do not affect the membrane forces
in the outer layers.

Subsequently, Swiss scientist A. Peter Marti
made his contribution to the development of the
sandwich  model in 1990 [2]. Marti
complements Brondum-Nielsen's work by
assigning out-of-plane shear forces to the
intermediate layer. The three-layer sandwich
model was then developed for the design of
members subjected to membrane and bending
states and to account for transverse shear [3].
The outer layers of the sandwich model (i.e., the
outer layers) are considered to carry moments
and membrane forces, while transverse shear
forces are assigned to the core [4].

The key innovation of Marti's contribution to
the development of the sandwich model was the
distribution of functions between layers:

eouter layers — carry membrane forces +
bending moments;

ecore — carries transverse forces through
compression fields inclined at 45°.
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The inclination angle of the diagonal
compression stress field in the core layer 0 is
taken equal to 45°, which corresponds to the
traditional Morsch truss model for reinforced
concrete beams.

This leads to additional membrane forces in
the top and bottom layers of the slab, equal to
0.5vo in the direction of the principal transverse
force.

Later in 2013-2014, Swiss researcher
Thomas Jaeger presented the "Extended
Sandwich Model (ESM)", which combines the
sandwich model with basic concepts of the
cracked membrane model and a new aggregate
interlock relationship for shear stresses
transmitted through cracks in the core [5-7].

Thomas Jaeger introduces a compatibility
condition to link both outer layers, assuming a
linear distribution of strains through the slab
thickness, defined as a function of three
curvatures and three strains in the mid-plane of
the core.

The Extended Sandwich Model includes
aggregate interlock in the core, allowing
concrete to contribute to the transverse load-
bearing capacity of slabs both with and without
transverse reinforcement.

The introduction of stressed crack faces in
the core allows dividing the applied transverse
force into concrete and steel contributions.

Thomas Jaeger's contribution to the
development of the sandwich model consisted
of the following:

e accounting for cracking in the core;

e aggregate interlock;

e compatibility conditions between layers;
e tension stiffening in the outer layers.

In 2014-2018, E. Hernandez-Montes and
colleagues conducted a critical analysis and
questioned the assumption of reinforcement
yielding in the outer layers, which was adopted
by Brondum-Nielsen and Marti.

The sandwich model of E. Hernandez-
Montes concerns an improved model for
analysis of reinforced concrete slabs that
accounts for limitations of the basic sandwich
model. The model accounts for compatibility
between tensile reinforcement and the
compressive concrete block, which is crucial
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for accurate strength calculation, especially in
situations with high torsional moments [10-15].

The classical sandwich model assumes that
tensile reinforcement reaches yielding (os = fy),
but this hypothesis was challenged by E.
Hernandez-Montes and others, who proposed
that the strain in tensile reinforcement should be
related to the depth of the compressive stress
block in the opposite layer.

Physical meaning: If concrete in the top
layer fails before reinforcement in the bottom
layer reaches yielding, the structure will have
less load-bearing capacity and less
deformability than calculated.

E. Hernandez-Montes proposed an addition-
nal check to ensure that reinforcement actually
reached yielding.

Key aspects of the Hernandez-Montes
model:

e strain compatibility: the model refutes the
assumption that tensile reinforcement in
reinforced concrete slabs always undergoes
yielding, proposing instead that its strain is
related to the depth of the concrete
compressive stress block. This provides a
more  accurate  stress  value  for
reinforcement.

estress verification: it introduces an
additional verification step based on the
plane section hypothesis. It assumes that the
principal compression direction in one outer
layer is parallel to the principal tension
direction in the opposite outer layer.

eupper bound theorem: the model's
assumptions ensure that calculated forces are
an upper bound of true failure forces, which
is a safe design approach.

e experimental verification: the accuracy of
this approach was experimentally verified by
Gil-Martin and Hernandez-Montes.

e basis for advanced models: the concepts of
this work led to the development of the
Advanced Sandwich Model (ASM), which
solves many shortcomings of the basic
sandwich model, such as those related to
torsional moments and reinforcement ratios.

e applications: this research is particularly
relevant for calculating the strength of
reinforced concrete slabs subjected to
bending and torsional moments. Its
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principles have also been applied in other

areas, such as seismic behavior of coupled

walls subjected to shear, and thin reinforced

concrete panels [8-12].

The main contribution to the development of
the sandwich model by E. Hernandez-Montes
and colleagues:

e verification of

between layers;
eintroduction of limitations on the
method's application.

In 2023, a group of researchers [9] proposed
the so-called Developed Advanced Sandwich
Model (DASM).

This study showed that using DASM
reduced steel reinforcement by up to 40% and
increased ductility by 10-15%. It was also
observed that the ultimate strength of the
considered examples, including solid slab and
flat slab, decreased slightly by 4.1% and 1.8%
(less than 5%) respectively, which has almost
no effect on the overall response of the designed
structure. These results demonstrate the
effectiveness of the developed procedure.

DASM represents a highly accurate,
relatively simple and reliable design procedure
for plate and shell structures with complex
geometry according to multiaxial concrete
compression state and accounting for the effect
of transverse shear forces.

The first generation of Eurocodes EN 1992-
1-1:2004 (2002-2007) did not contain the
sandwich method in normative annexes.
Although this method was known, it was not
standardized.

The second generation of Eurocodes EN
1992-1-1:2023 (2023-2026) contains Annex G
(normative) — «Design of Membrane, Shell
and Slab Elements». This document (EN 1992-
1-1:2023) was prepared by Technical
Committee = CEN/TC 250  «Structural
Eurocodes».

In Annex G of EN 1992-1-1:2023, a planar
member, depending on the internal forces
acting in it, is considered:

eas a membrane — a slab with normal and

shear stresses (clause G.3) — see Fig. 1;

e as a shell — a slab with moments without

membrane forces (clause G.4) — see Fig. 2;

strain compatibility
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¢ as a shell or slab with combined forces
(clauses G.4, G.5) — see Fig. 2.
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Fig. 1 In-plane stresses in membrane element and definition of compression stress field inclination (angle

0).

Puc. 1 [TnonwHHI Harpy>keHHS B MeMOpaHHOMY €JIEMEHTI Ta BA3HAYSHHS HaXWTy (KyT 0) TI0JIS CTUCKAIOuUX

Harpy>XeHb.

Fig. 2 Shell element (a) and sandwich model (b) with statically equivalent set of in-plane stresses: 1 — top

layer, 2 — bottom layer, 3 — intermediate layer.

Puc. 2 O60710HKOBHIA €JIeMEHT (a) Ta CeHIBIU-MOAEIb (0) 31 CTAaTHYHO €KBIBAJICHTHUM Ha0OPOM
IUTOIIMHHUX HANPYKeHb: | — BepxHiil map, 2 — HWXKHI map, 3 — MPOMIDKHUIA TI1ap.

The formulations presented in Annex G of
EN 1992-1-1:2023 in clauses G.3 and G.4 are
consistent with the clauses and design
provisions in Section 8 (Ultimate Limit States
(ULS)) of the main body of the document, and
clause G.5 contains additional provisions to 9.2
(Crack Control) of these standards. Annex G
covers the design of planar members without
discontinuities in the concrete mass. Other
more refined design methods complying with
clause 7.3.3 (Plastic Analysis) or clause 7.3.4
(Non-linear Analysis) of EN 1992-1-1:2023
may be used. Thus, Annex G (Design of
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Membrane, Shell and Slab Elements) does not
replace, but supplements the main sections of

Eurocode 2 EN 1992-1-1:2023, namely —
general principles, materials (c-¢ diagrams),
cross-section design for ULS, crack resistance
and SLS.

Key differences of the new version of
standards from the previous version of
Eurocode 2 are as follows:

o refined formulas for stresses in layers;
emore detailed tables of optimum
reinforcement;
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eexplicit condition for application of
simplified method: |Meaxy| < 0,07dfcg;

ereferences to specific clauses of other
sections.

EN 1992-1-1:2023 uses various methods
and models for stress-strain state analysis of
structures:

e linear elastic analysis (LEA);

e non-linear finite element analysis (NLFEA);
e yield line method,;

e strip method;

e sandwich model.

In particular, when designing using the strip
method -- the slab is considered as a system of
orthogonal strips working in one direction. The
load is distributed between strips in two
directions.

The scope of application of the provisions
given in Annex G of EN 1992-1-1:2023 may
include flat slabs, slabs of constant or variable
thickness, slabs with beams, cylindrical and
other shells. This annex is also particularly
important for design of:

1. shear walls — large shear stresses;

2. deep beam — non-linear stress distribution;

3. slabs with concentrated loads — zone
around columns;

4. bunkers and tanks — membrane forces +
bending;

5. shells — complex three-dimensional stress
State.

According to clause G.4(1) of EN 1992-1-
1:2023 and Fig. 2, the sandwich model is based
on transforming the combination of forces
(membrane, bending and torsional) into a
statically equivalent system of in-plane stresses
acting in the top and bottom layers of the model.
Basic assumptions of the method:

1. three-layer model: the shell is represented
as a structure with two load-bearing layers
(top and bottom) and an intermediate layer
between them;

2. static equivalence: internal forces are
transformed into in-plane stresses in such a
way as to maintain complete static
equilibrium;

3. independent layer design: each layer (top
and bottom) is designed separately as a
membrane element according to clause
G.3.
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The sandwich model formulas (G.12-G.17) of
EN 1992-1-1:2023 are transformed into
formulas for specific cases:
1. pure membrane elements (clause G.3) —
when moments = 0;
2. slabs without membrane forces (clause
G.4(5), formulas G.18-G.21) —when n = 0;
3. shells — general case with all forces.
Thus, the sandwich model is a generalization
that covers all three cases.
Physical meaning of the sandwich model:
e «smears» the actual stress distribution into
two equivalent layers;
e maintains equilibrium of forces and
moments;
e allows using simple membrane formulas
(clause G.3).
Advantages:
e unified approach for all types of
elements;
e explicit physical interpretation;
e simplicity of calculations;
e possibility of manual calculation.
Disadvantages:
e approximate stress distribution;
e requires adjustment of coefficients (t,
2);
e does not account for exact strain
distribution.

Why was the sandwich model specifically
chosen for_implementation in EN 1992-1-
1:2023.

1. Widespread use in software.

Many modern design software worldwide
use  Brondum-Nielsen's  approach  for
calculating reinforcement of concrete shells in
the ultimate limit state under bending and
membrane forces.

Software using the sandwich method:

¢ SAP2000;
eETABS;

e RFEM;

¢ SCIA Engineer;
e Midas Gen.

2. Need for standardization for shells.

Existing design codes did not provide
specific design methods for reinforced concrete
slabs where slabs are subjected to both complex
forces and moments.
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The problem was that until 2023 there was
no standardized method in Eurocode for
calculating:

e shells with combination of membrane forces
and bending moments;

e bridge slabs with complex load;

e tanks, cooling towers, dome structures.

3. Scientific consensus and experimental
database [1-25].

Thomas Jaeger and Peter Marti conducted
28 tests to failure on fourteen reinforced
concrete slab specimens to investigate the effect
of deviation of principal shear and moment
direction from reinforcement direction [4].

Research database:

edozens of experimental programs (1974 —
2023);

ehundreds of publications in scientific
journals;

Table 1. Chronology of sandwich model development

Ta6a. 1 XpoHoIorist pO3BHTKY CEHIBIY-MOIEI]
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e method verification on real structures.
4. Simplicity and practicality.
Method advantages:
e statically equivalent;
¢ does not require complex FEM for ordinary
cases;
e can be implemented manually;
e conservative (safe).
5. Integration with other methods of
Eurocode EN 1992-1-1:2023.
The sandwich method is consistent with:
e clause 8.2 (Shear design);
e clause 9.2 (Crack control);
e clauses 7.3.3 and 7.3.4 (Non-linear analysis)
—as an alternative.
Table 1 presents the chronology of sandwich
model development.

Year

Development

» three layers

1974 Brondum-Nielsen: BASIC SANDWICH MODEL (BSM) [Denmark, Technical University]:

» membrane forces + bending moments in outer layers

* transverse forces in core

1990 Peter Marti: DEVELOPMENT FOR TRANSVERSE FORCES [Switzerland, ETH Ziirich]:

* angle 6 = 45° for compression fields
* publication in ACI Structural Journal.

2004 EN 1992-1-1:2004 (1st generation):

 without sandwich method in normative annexes

2010 fib Model Code 2010:

* contains concepts of sandwich method
* creates scientific consensus

* cracking in core
* aggregate interlock
* strain compatibility

2013-2014 | Thomas Jaeger: EXTENDED MODEL (ESM) [Switzerland, ETH Ziirich]:

» application limitations

2014-2018 | Hernandez-Montes: CRITICAL ANALYSIS:
» verification of reinforcement yielding

2020-2023

Preparation of EN 1992-1-1:2023 (2nd generation) [CEN/TC 250]:
* working group on shells and slabs
* integration of sandwich method

2023 EN 1992-1-1:2023: OFFICIAL INCLUSION:

* Annex G (normative) -- sandwich method

* based on Brondum-Nielsen + Marti

» simplified version without complex refinements
* normative status throughout Europe

2023-2026

Gradual implementation in national standards
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What led to the conviction for including

the sandwich panel in EN 1992-1-1:20237?

A. Recommendations of fib (Interna-
tional Federation for Structural Concrete).

Fib Model Code 2010 [20] already contained
similar concepts, which created scientific
consensus.

B. Pressure from practicing engineers.

Engineers were already using the method in
software, but there was no official standard.
This created:

e legal problems;
e different interpretation;
e lack of uniform acceptance criteria.

C. Successful Swiss experience.

Swiss standards (SIA) already contained
Marti's method, which had been successfully
used for decades.

D. Mandate M/515 of the European
Commission.

Eurocodes were developed under Mandate
M/515, issued to CEN by the European
Commission and European Free Trade
Association.

The mandate required:

e harmonization of standards in Europe;
e inclusion of modern design methods;
e consideration of software practice.

CONCLUSIONS

The sandwich method is the result of half a
century of evolution of scientific thought and
engineering practice, which has finally received
official recognition in the most important
European standard for concrete structures.

The inclusion of this method in EN 1992-1-
1:2023 became possible thanks to:

1) 50 years of successful application (1974-

2023);

2) widespread use in software;

3) need for standardization for shells and

slabs;

4) solid experimental database (dozens of

studies);

5) simplicity and practicality for engineers;

6) conservatism (safety) of the method,;

7) requirement of Mandate M/515 of the

European Commission;
8) the scientific consensus reached (fib
Model Code 2010).
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ICTOPIAA BUHUKHEHHA TA
PO3BUTKY CEHABIY-MOJAEJII 1JIA
PO3PAXYHKY MEMBPAHHUX,
OBOJIOHKOBHUX TA IIVIMTHUX
EJIEMEHTIB 3I'TIHO 3
EN 1992-1-1:2023

Jleonio CKOPYK

AHoTanis. Brepiie B €BpomnelchbKHX HOPMax
MIPOEKTYBaHHA OCTOHHHX KOHCTPYKIIH, 30KpemMa B
Honmatky G (o0OoB’s3KOBHIA), y HOBil Bepcii
€Bpokony EN  1992-1-1:2023  mpwunineHo
NPULUIBHY YyBary MpOEKTYBaHHIO MEMOpaHHUX,

06OHOHKOBI/IX Ta INITMTHUX CJ'ICMCHTiB Ta
MPOTIOHYETBhCS ~ CYYacHMM — MOXim  mmsd  iX
PO3paxyHKYy.

VY 4KOCTI METOAy ONTHMAIBHOTO PO3PaXyHKY
3a11300€TOHHUX OOOJIOHOK, IUIMT Ta MeMOpaH B
Jonarky G TpOTOHYETHCS, TaK 3BaHa, CEHABid-
MoOJedb — KOJM OOOJIOHKa MPECTABIAETHCA SIK
TpUIIapoBa MOAENb 3 JABOX HECY4YHMX IIapiB
(BepxHiil 1 HWKHIH) Ta MPOMDKHOrO INapy Mix
HUMH.

Ilpn po3paxyHKy 3a CEHABIY-MOACIIIO —
MPOCTOPOBA 3aa4a (3ruH + KPYTiHHS + MeMOpaHHi
3yCHJIUIS) IEPETBOPIOETHCS Y ABI MeMOpaHHi 3a/1a4i
JUIE  BEPXHBOTO Ta HIKHBOrO miapiB. ToOTo
NEPETBOPEHHS MPOCTOPOBOTO HAINPY)KEHOTO CTaHY
Ha /IBa mapy (BepXHiH 1 HIKHI) 3 eKBIBAJICHTHUMH
MeMOpaHHUMU HaIPY>KEHHSIMH.

Mogenb ceHaBida — 1€ CTpora MeEXaHiyHa
MOJIEb, Ka JO3BOJISIE 3BECTH CKIIAJHY IPOCTOPOBY
3aga4yy (000JI0OHKa 3 KOMOIHOBaHUMH 3yCHILISIMH)
IO JBOX HE3aIeXKHHUX IDIOCKHX 3371ad (MeMOpaHHI
eNIEMEHTH Yy BEPXHBOMY Ta HW)KHBOMY IIapax)
yepe3 CTaTUYHO EKBIBAICHTHE IIEPETBOPEHHS
3yCHJIb Y HAIIPYKEHHSI.
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CenzBiu-mMozens 0a3yeThCsi HAa TEPETBOPEHHI
KoMOiHamii 3ycuiib (MeMOpaHHMX, 3TMHAIBHHUX 1
KPYTHHUX) Yy CTaTUYHO EKBIBAICHTHY CHCTEMY
TUIOCKHX HAalpy>KeHb, SIKi JIIOTb y BEPXHHOMY Ta
HIDKHBOMY TIapax MOJETI.

OCHOBHI IIPUITYLICHHS] METOY:

a) TPHUIIapOBa MOJICITh: ob6ooHKa
NPEACTABISETHCA SIK KOHCTPYKIIA 3 ABOX HECYUHX
mapiB (BepxHiH 1 HIKHINA) Ta MPOMIXKHOTO APy
MiX HUMHU

0) crarnyHa eKBIBAJIEGHTHICTb: BHYTPILIHI
3YCHJUISL TIEPETBOPIOIOTHCS Y ITUIOCKI HAINpy>KEHHS
Tak, o6 30eperTy MoBHy CTaTUYHY PiBHOBAry

B) HE3AJICKHUM PO3PaXyHOK IIapiB: KOXKEH IIap
(BepxHill 1 HIKHINA) pPO3PaXOBYETHCS OKPEMO SIK
MeMOpaHHHMIA eeMeHT 3rifgHo 1. G.3

®dopmynroBaHHs, 1110 MpeacTaBieHi B JlogaTky
G EN 1992-1-1:2023 y mymktax G.3 T1a G.4,
Y3TOIKYIOTECS 3 TyHKTAMH Ta MOJIOKEHHSMH [I0/I0
npoektyBanHad y po3nini 8 (I'panwuni cranm
minaocTi (ULS)) oCHOBHOrO TiNa JOKyMEHTY, a
myHKT G.5 MICTHTH AOJATKOBI TMOJOKEHHS 10 9.2
(KonTpons TpimmH) 3a3HaueHux HopM. ogarok G
OXOIDTIOE TIPOCKTYBaHHS IUIOCKHUX EJIEMEHTIB 0e3
PO3pHBIB OETOHHOTO MAacHUBY Ha OKpEMi YaCTHHH.
ITpu iboMy MOXKyTh OyTH BUKOPHCTAHI 1HII, OLTBIIT
BIOCKOHAJEH1 METOAN  PO3PaxyHKY, o
Bignosinatote 1.7.3.3 (Ilmactuunuit anamiz) abo
n.7.3.4 (Heniniitauii ananiz) €8pokony 2.

Takum uymHom, Homatok G (IIpoekryBaHHS
MeMOpaHHMX,  OOOJIOHKOBMX  Ta  IUIMTHUX
€JIEMEHTIB) HE 3aMIHIOE, a JIOTIOBHIOE OCHOBHI
po3xinu €Bpokony 2, a caMme — 3arajbHi NPUHIIMIIY,
Marepiaiu (IiarpaMu G-g), po3paxyHOK IepepiziB
Ha ULS, TpimuHOCTI#KicTh Ta SLS

KarouoBi ciioBa: po3paxyHOK MeMOpaHHHX,

00O0JIOHKOBUX Ta IUIMTHHX €JIEMEHTIB, CEHIBIY-
MOJIEIIb
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