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Abstract

The reduction of energy and resources consumption in the building sector is of

crucial importance. One way to approach this challenge is the development of

high-performance materials to increase efficiency. In the research project “Mul-

tiLC” (Multifunctional lightweight concrete elements with inhomogeneous

properties) highly efficient Infra-Lightweight Concrete (ILC) elements with vary-

ing properties over the cross-section and further functions, for example, active

thermal insulation or photocatalytic air purification, were developed. Besides

investigations in concrete technology and building physics, the structural behav-

ior of inhomogeneous ILC-elements was examined. This paper summarizes the

analytical and experimental methods used to investigate the structural behavior

of wall and beam specimens and wall-to-slab connections. It was found that the

stiffness method is a reasonable approach to calculate the maximum load-

bearing capacity of the inhomogeneous ILC elements. Recommendations could

be formulated for ultimate design values. Also, the feasibility of a fixed connec-

tion between a normal concrete slab and a multi-layered ILC-wall was shown.
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1 | INTRODUCTION

1.1 | Motivation and project outline

The motivation of the 3-year research project MultiLC
(“Multifunctional Lightweight Concrete Elements with

Inhomogeneous Properties”), funded by the German Fed-
eral Ministry of Education and Research (BMBF
13XP5010B), was to add a scientific contribution towards
a sustainable construction technique by developing a
highly efficient component for the building skin. Starting
point was Infra-Lightweight Concrete (ILC), a high-
performance lightweight aggregate concrete (HPLWAC)
with a dry density below 800 kg/m3. ILC combines both
load-bearing and insulating properties in one single
material.1 Therefore, an ILC exterior, monolithic wall is
already a quite efficient high-performance element for
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large buildings and eliminates the need for composite
insulation systems. One of the aims of the project was to
increase efficiency even further by varying the properties
of the concrete such as density and strength over the
cross section according to the different physical and
structural requirements within the section. Hence, areas
with higher strength focusing on load-bearing and areas
with lower density focusing on heat insulation were
created.

In addition, the goal of the MultiLC project was to
include further functions such as active thermal insula-
tion techniques and photocatalytic layers for reduction of
air pollutants (Figure 1). To achieve this, an interdisci-
plinary team of material technologists, structural engi-
neers, and building physicists from research institutions
and industry (HeidelbergCement, Sika Germany, Tran-
ssolar KlimaEngineering, schlaich, bergermann partner
and the TU Berlin) operated in several work groups. Sub-
jects of investigation were the control of the fresh and
hardened concrete properties, the load-bearing and
deformation behavior, as well as simulations of the active
thermal insulation and analyses on the life cycle assess-
ment, but also aspects of construction and marketability,
such as structural detailing, production processes and
costs.

Infra-Lightweight Concrete has been investigated at
the Chair of Conceptual and Structural Design, Techni-
sche Universität Berlin (TU Berlin), for more than
10 years.2,3 It stands out from insulating concretes due to
an exceptional combination of low density, hence good
insulation properties, and comparatively good compres-
sive strength. An example for a recently finished ILC pro-
ject is the single-storey youth recreation centre in Berlin
(Figure 2).

The concept of inhomogeneous materials where prop-
erties follow function, also called functionally graded
materials, is no news. Examples can be found in nature,
such as the structure of bones or bamboo. The term
“Functionally Graded Materials” was mainly
implemented in material research and has been used
since the 1970s. From 1995 to 2003, a priority program
“Functionally Graded Materials” funded by the Deutsche
Forschungsgemeinschaft (DFG) was carried out that
investigated the concept for metals, ceramics, and poly-
mers.4 The principle was first applied to concrete at the
Stuttgart University in 2006,5 where functionally graded
concrete has been continuously developed since.6

The application of inhomogeneous concrete elements
in the building skin is also pursued by other research pro-
jects. For example, in the h-house project7 façade ele-
ments with functional surfaces, made of UHPC shells
and inner autoclaved aerated concrete or cellular light-
weight concrete were developed. However, while these
components were designed to be non-loadbearing, a
major requirement for MultiLC elements is to provide
the load-bearing function as well.

This paper summarizes the analytical and experimen-
tal methods used to investigate the structural behavior of
MultiLC elements and the main findings. The following
sections present the investigations regarding inhomoge-
neous beams, inhomogeneous wall elements and subse-
quently fixed wall-to-slab connections.

1.2 | Structural behavior of
inhomogeneous concrete elements

To describe the structural behavior of inhomogeneous
concrete elements, several approaches can be utilized
depending on factors such as the structure characteris-
tics, the concrete properties and the complexity of inho-
mogeneity or grading. Neumann9 and Trätner10 describe
several methods such as a method based on reference
areas, the stiffness method, the finite-element method
(FEM), the method of even cross sections and the nL-
method (using the ratio nL of young's modulus of outer
and inner layers to determine equivalent cross sectional
values of the layers).9,10 These approaches were used to
determine the load bearing capacity of exterior wall ele-
ments consisting of a lightweight concrete core with high
porosity and outer concrete layers of higher density and
higher strength.

With respect to MultiLC-elements, the goal was to
find a feasible approach to define structural behavior. Of
the methods mentioned above, FEM can theoretically
provide the most accurate results and will often be the
best approach for structures with highly complex

FIGURE 1 Concept of a multifunctional lightweight concrete

element with inhomogeneous properties8
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inhomogeneity or geometry. FEM has already been suc-
cessfully applied for inhomogeneous concrete elements
in various cases (e.g., 6,11,12). However, input parameters
such as in-depth material properties are crucial for the
quality of results and can be very difficult to derive.
Therefore, for inhomogeneous concrete elements of little
complexity, Neumann9 concluded that FEM should
rather serve for a qualitative assessment of structural
behavior, whereas other methods are more feasible for
quantitative results.

For MultiLC-elements, the complexity of inhomoge-
neity was deliberately kept at a low level to keep produc-
tion processes practicable. After consideration of
different cross-section variations, a combination of outer
areas with higher strength (shell) and an inner, highly
porous area (core) with better heat-insulating properties
was chosen13 (Figure 1). For shell and core, different
Infra-Lightweight Concrete mixes based on CEM III A,
several lightweight aggregates fractions, silica fume, and
several admixtures were developed during the project.
Table 1 shows exemplary mixes including main material
properties. Elements with such a setup can be casted best
in a horizontal position, pouring the concrete for the

outer shell layer first, then adding the middle (core)
layer, last the inner shell layer. Before pouring the middle
and inner layer, some time (several hours depending on
environmental conditions) should be allowed for first
stiffening of the lower layer to prevent intermixing of the
different concrete types.

Generally, the different types of ILC applied in the
wall or beam section all show a linear elastic material
behavior. Therefore, the configurations of the stress–
strain relations are similar, just the gradient, hence the
E-Modulus, and the maximum strain levels are
different. It is also presumed that plane sections before
bending remain plane after bending (Euler–Bernoulli-
hypothesis), hence different concrete layers are subjected
to the same deformation or strain at interfaces and thus
an equal strain distribution over the inhomogeneous
cross section is present. Based on these assumptions, the
stiffness method was chosen to determine the maximum
load bearing capacity of the MultiLC-elements as it is eas-
ily manageable and gives good quality results under the
mentioned conditions.

The idea of the stiffness method is that loads are
attributed to different material layers according to their

FIGURE 2 ILC youth recreation

centre in Berlin (Picture: Alexander

Blumhoff)

TABLE 1 Exemplary ILC mixes

for shell and core concrete (based on14)
Materials Units Shell (ILC 800) Core (ILC500)

CEM III/A 42.5 N (kg/m3) 460 210

(w/c)eq 0.40 0.65

Silica fume 100 45

Stabilizer 0.69 0.40

Superplasticizer 3.91 1.47

Expanded glass 0.5/1 (kg/m3) 85.3 52.9

Expanded glass 1/2 58.5 59.7

Expanded glass 2/4 – 95.9

Expanded clay 2/8 120.2 –

Properties

Dry density (kg/m3) 804 456

Compressive strength (MPa) 15.8 5.3

Thermal conductivity (W/mK) 0.169 0.088
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stiffness. Depending on the type of loading, either bend-
ing stiffness E�I or axial stiffness E�A has to be consid-
ered. The calculation is performed for each layer
separately and is formulated by Neumann9 as stated
below:

σi =
N
Ages

� Ei �Ai

Pn
i=1

Ei �Ai

+
M
Wges

� Ei � Ii
Pn
i=1

Ei � Ii

0
BB@

1
CCA �Ages

Ai

≤
βR,i
γi

N=mm2
� �

ð1Þ

where σi is the stress of considered layer (N/mm2); i is
the number of considered layer; N is the axial load (N);
Ages is the total area (mm2); Ei is the Young's modulus of
considered layer (N/mm2); Ai is the area of considered
layer (mm2); n is the total number of layers; M is the
bending moment (Nmm); Wges is the section modulus of
total section (mm3); Ii is the second area moment of con-
sidered layer (mm4); βR,i is the compressive strength of
considered layer (N/mm2); γi: partial safety factor of con-
sidered layer (−)

Based on the stiffness method, calculations for
MultiLC-walls and beams (representing elements of the
building envelope subjected to bending, such as lintels)
were carried out. Experimental tests were performed to
determine the load bearing capacity and to show whether
any adjustments of the applied calculation methods are
needed. Furthermore, a wall-to-slab connection was
designed, built and tested to investigate the load transfer
from inner normal concrete floor slabs to the inhomoge-
neous MultiLC elements of the building envelope. The
results of these investigations are described in the follow-
ing chapters.

2 | STRUCTURAL BEHAVIOR OF
INHOMOGENEOUS BEAMS

2.1 | Analytical investigation

The main aim of the analytical investigation was to
obtain a statement about the maximum load bearing
capacity under bending stress and to formulate a design
method to determine the area of reinforcement for the
multi-layered specimens subjected to bending in the
experiments.

Through the relation for the maximum load bearing
capacity,15

Mu =Fc � z ð2aÞ

Mu = αR �x �b � f c* d−ka � xð Þ ð2bÞ

where αR is the solidity coefficient (=0.5)16; ka is the
height coefficient (=1/3)16; b is the width of cross section;
d is the statically effective height; and fc is the compres-
sive strength.

the height of the concrete compression area x,

x=
εc

εs−εc
�d ð3Þ

the equilibrium of inner forces,

Fc =Fs ð4Þ

and the relation

As =
Fs

f y
ð5Þ

both, the maximum load bearing capacity and the area of
reinforcement can be determined. Therefore, the strain
distribution throughout the cross section is needed
(Equation (3)), hence in the concrete layers (εC) as well
as in the reinforcement (εS). Due to an elastic deforma-
tion behavior until failure and a stress–strain relation
with a triangular shape, solidity coefficient αR equals 0.5,
height coefficient ka equals 1/3.16 Still, the cross
section of the beam is assumed to remain planar and nor-
mal to the deformed axis of the beam, thus the Bernoulli
hypothesis is valid. This leads to an equal strain distribu-
tion in the concrete layers and also in the reinforcement.

FIGURE 3 Stress/strain distribution in the specimen due to

described assumptions
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Since the used concretes have different Young´s moduli
(E), there is an unequal stress distribution caused by
equal strain distribution. The “stiffer” concrete attracts
more forces compared to the “softer” concrete (Figure 3).

Hence, to guarantee an equal strain distribution and
thus a varying stress distribution for a beam under bend-
ing stress, the area of reinforcement must be different for
each concrete layer.

It is the aim to determine the maximum bending
moment and the area of reinforcement which is needed
for the load bearing as well as for the heat-insulating con-
crete. Therefore, Equation (2b) and (5) are needed. The
height of the concrete compression area x (Equation (3))
includes the two unknowns of concrete strain εC and
reinforcement strain εS. By limiting the concrete strain to
the ultimate compressive strain εC = εU of the softer con-
crete, there is just the reinforcement strain εS as an
unknown. It can reach a theoretical value between
0–25 ‰.15

By setting a reinforcement strain to a certain value,
the maximum bending moment can be determined by
Equation (2b), the reinforcement area by Equation (5).

Figure 4 shows the correlation between the reinforce-
ment strain, the maximum bending moment and the
reinforcement area for a beam made from an ILC800 and
an ILC500. In addition, an example is shown how to
determine the maximum bending moment as well as the
reinforcement area if the reinforcement strain is set to
7.25 ‰. By following the arrows, it leads to a maximum
bending moment of Mu = 11.41 kNm. For each shell a
reinforcement area of AS,ILC800 = 0.5 cm2 is needed, for
the core a reinforcement area of As,ILC500 = 0.44 cm2 is
needed.

2.2 | Experimental investigation

The load bearing behavior of concrete beams with inho-
mogeneous properties under bending stress was investi-
gated using a total of 14 specimens with different setups
in a four point bending test. All specimen had the length
of 3.30 m, a width of 0.40 m and a height of 0.20 m. In all
cases, the load appears at a distance a = 1.0 m of the
beam supports (Figure 5). To provide a bending failure,

FIGURE 4 Correlation between

MU, reinforcement strain and AS

FIGURE 5 Test setup and measurement system for beam specimens in four-point bending test
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the relation between a and the specimen height h should
be higher than 3.5.17 The present dimensions lead to a
relation of a/h = 1.0/0.2 = 5.0 > 3.5. Otherwise, there
will be a high risk of shear failure, which is not the topic
of the present investigations. The measurement system
(lo,1–3, lu,1–3 and w1,2,m) consisted of extensometers
(Figure 5) to determine the deformation behavior, the
maximum load bearing moment and also to give a state-
ment about the load distribution between the layers. All
specimens were built with a bending reinforcement along
the whole length. A shear reinforcement was placed
between the load application and the beam support to
lower the risk of shear failure.

Since the concrete mixes for the load bearing and insu-
lating concretes were not yet developed at the time of the
first beam tests, already existing mixes of ILC as well as a
normal concrete with different strength classes and dry
densities were used to simulate stiffness differences for the
first 10 specimens. Only four specimens were built with the
final setup (strong shell; Figure 1) and are discussed in the
present paper. The final setup consists of an ILC800 (dry
density of less than 800 kg/m3) as the load-bearing con-
crete and an ILC500 (dry density of less than 500 kg/m3) as
the heat-insulating concrete. An overview of the character-
istics and a comparison of the analytical and experimental
maximum bending moment is shown in Table 2.

To investigate the load distribution across the cross
section, two specimens were tested with a full load appli-
cation over the whole cross section (no. 1.1/1.2), another
two with a partial load application only in the load-
bearing layers (no. 1.3/1.4) using steel plates for the load
application (cf. Figure 6).

2.3 | Discussion

The aim was to develop design requirements for
multi-layered beams under bending stress. Especially
the maximum load bearing capacity was of interest.
The correct hypotheses were to be identified through
a comparison of the analytical and experimental
investigation, as well as the limitations of the set
design concept. The following section focuses on the
final setup.

Based on the analytical and experimental results, it
was possible to formulate a first approach to determine
the maximum bending moment Mu for inhomogeneous
beams based on the stiffness method. Also, a design
approach to derive MRd can be recommended using
design values in the calculation method of MU described
above. This design approach needs to fulfill the bound-
aries of the three fundamental assumptions for designing

TABLE 2 Concrete characteristics and test results

Specimen no. Concrete Dry density (g/cm3) Compressive strength (N/mm2) Young's modulus (N/mm2)

1.1 ILC800 861 13.69 –

ILC500 464 4.24 1,561

1.2 ILC800 765 13.23 3,531

ILC500 477 5.32 1,459

1.3 ILC800 741 12.62 5,695

ILC500 471 3.76 1,366

1.4 ILC800 767 13.95 3,490

ILC500 497 4.89 1,553

Specimen no.

Maximum bending moment

Analytical (kNm) Experimental (kNm) Mu,ana/Mu,exp

1.1 14.57 0.78

1.2 11.41 13.64 0.84

1.3 14.52 0.79

1.4 15.31 0.75

FIGURE 6 Specimen in a four-point bending test
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a concrete beam: the equilibrium condition of external
and internal forces, the validity of the Bernoulli hypothe-
sis, hence equal strains in the concrete layers and the
material laws. The latter includes the maximum strain
for the concrete. The maximum strains of ILC-concretes
differ from each other. With respect to the Bernoulli
hypothesis, the concrete with the lower maximum strain
governs the limit for the maximum strain of the cross-
section.

Compared to the experimental investigations, the cal-
culation of the maximum bending moment Mu based on
the mean compressive cylinder strength leads to a conser-
vative result. However, due to the standard range of differ-
ent bar diameters available, it was not possible to place
exactly the required area of reinforcement. The actual area
of reinforcement is always higher compared to the analyti-
cal; hence it influences the strain distribution.

The experimental tests also showed that an interac-
tion between the insulating and the load-bearing layer
regarding the load transfer could be identified. Further-
more, no significant difference regarding the maximum
bending moment between a partial and a full load appli-
cation was observed. However, partial load application
resulted in shear cracks between the layers.

3 | STRUCTURAL BEHAVIOR OF
INHOMOGENEOUS WALLS

3.1 | Analytical determination of load
bearing capacity and design approach

As discussed in Chapter 1, the stiffness method was cho-
sen to determine the load bearing capacity of inhomoge-
neous MultiLC-walls. For centric, vertical loading
(no bending), the ultimate axial load Nu,cal of the whole
cross-section was derived based on Equation (1), using
the following expressions:

Nu,cal =
Xn
i = 1

σi �Ai

andσi =
Nu,cal

Ai
� Ei �Ai

Pn
i= 1

Ei �Ai

0
BB@

1
CCA≤ f cm,cyl,i N=mm2

� � ð6Þ

where i is the considered layer; n is the total number of
layers; σi is the stress of considered layer (N/mm2); Nu,cal

is the ultimate vertical load (N); Ei is the Young's modu-
lus of considered layer (N/mm2); Ai is the area of consid-
ered layer (mm2); fcm,cyl,i is the mean compressive
cylinder strength of considered layer (N/mm2)

The limiting criteria of σi ≤ fcm,cyl,i lead to the defini-
tion of Nu,cal. The proportional distribution of the load
between layers is defined by the term Ei�AiPn

i=1

Ei�Ai

.

For the design values of axial resistance NRd, it is pro-
posed to use the approach for plain concrete walls
defined in Eurocode 2 (EC2 section 12),18 assuming
homogeneous support at the wall base and homoge-
neous, centric loading at the wall top:

NRd,λ = b �hw � f cd,pl �ϕ ð7Þ

where NRd,λ is the axial resistance (N); b/hw is the width/
thickness of cross section (mm); fcd,pl is the design com-
pressive strength of plain concrete (N/mm2); Φ is the fac-
tor taking eccentricity into account

As a conservative measure, it is suggested to only con-
sider the load-bearing capacity of the load-bearing shell
layers. This would account for the possibilities of partial
loading only in the load-bearing shell layers and/or a very
porous core concrete with very low strength. Reinforce-
ment will be designed only according to minimum and
crack control requirements of EC2.18 It is proposed to
neglect reinforcement for design in ultimate limit state.

3.2 | Experimental examination

To verify the analytical approach described above via
experimental examination, preliminary tests on small-
scale inhomogeneous specimens (cubes 15/15/15 (cm3)
and prisms 15/15/22.5 (cm3)) were carried out as a first
step. In test series 1, the load was applied over the whole
cross section, hence evenly over the two different layers
(Figure 7a). In test series 2, the load was applied partially
only in the load bearing layers, hence the shell layers as
shown in Figure 1. The partial loading was conducted via
steel plates between the testing equipment and the load
bearing layer (Figure 7b).

For Series 1, the maximum load determined via the stiff-
ness method gave conservative results compared with the
experimental results. For Series 2, the experimental maxi-
mum load was in the range of the compressive strength of
the load-bearing layer, which was to be expected due to par-
tial loading and limited specimen height, hence limited load
distribution to the insulating (core) layer. For both series,
failure occurred predominantly in the load-bearing layers.
Figure 7c,d exemplarily show the wedge-shaped crack pat-
tern underneath the load application, followed by vertical
cracking, of a partially loaded specimen of Series 2.

In the second step, experimental tests on six wall
specimens, produced at TU Berlin, were carried out. The
dimensions were chosen according to the criteria for

LÖSCH ET AL. 7



walls (b/h > 4) and to represent a story height of 3 m at
the scale of 1:2, resulting in a specimen height of 1.5 m
and a cross section of 0.225mx1m. All walls had a differ-
ent setup (Figure 8, left). Specimen 1.1–1.3 represented a
three-layer setup, walls 1.5 and 1.6 a two-layer setup
(layers consisted of ILC800 and ILC600, mixes according
to1). Specimen 1.4 also represents a three-layer setup, but
without core concrete, thus simulating a case where the
inner core layer has extremely low density and hence
next to no strength. The reinforcement of the walls was
chosen according to crack width control requirements as
described in EC2,18 in this case vertical and horizontal
bars d = 8 mm, spacing 12 cm. Walls 1.1 and 1.6 had
additional stirrups in top and bottom. Stirrups along the
vertical planes were neglected to not prevent any delami-
nation of layers that might occur due to loading of walls
with realistic horizontal length. To further increase the
bond between the ILC layers, horizontal bars of glass
fiber reinforcement were added.

The specimens were loaded either over the whole
cross-section or partially only in the load-bearing shell
layers (Figure 8). The measuring equipment consisted
mainly of strain gauges in the top and bottom area of the
front faces of the walls. Besides determination of the max-
imum load-bearing capacity, the goal was to investigate
the load distribution in the load application area between
load-bearing shell and insulating core layers and the load
reactions in the layers at the base point. Figure 8 (right)
shows a comparison of the calculated maximum loads
Nu,cal and the results of the experimental tests Nu,exp.

As shown in Figure 8 (right), in all tests, the expected
maximum load Nu,cal calculated via the stiffness method,
taking the mean cylindrical compressive strength into
account, was not reached. Full loading over the whole
cross section resulted in higher experimental maximum
loads Nu,exp (approx. 60% of expected load Nu,cal; specimen
1.2 and 1.5) than partial loading (between approx. 30–40%
of expected load Nu,cal). Failure occurred mainly due to
vertical cracking in the load-bearing layers, often coincid-
ing with the longitudinal reinforcement layer, with a simi-
lar pattern to the failure of the preliminary small scale
tests. The strain measurements at the base point confirmed
the predicted load distribution between layers according to
the stiffness method not quantitatively, but qualitatively.

One of the main reasons for not reaching the
predicted loads was seen in the setup of load application
and testing machinery, where several issues pointed to a
need for improvement. The second cause was suspected
in the assumption of the mean cylinder compressive
strength for calculating the load bearing capacity Nu,cal.
These two aspects were further investigated. The method-
ology and results are described in more detail in the final
project report.20 Consequently, the test setup and
machinery were altered by several measures. Special
emphasis was placed on ensuring centric loading using,
for example, different types of coatings between top and
bottom of the specimen and the test equipment.

Regarding the expected strength of the wall specimen
under testing conditions, several influencing factors were
investigated. It was found that already for a testing time
span of about 30 min, long-term effects must be taken
into account. Experimental examinations during and
after the MultiLC-project20,21 were carried out in several
test series on ILC-cylinder specimens (32 in total). The
specimens were subjected to continuous loading at levels
of 70–85% of the short-term mean compressive cylinder
strength fcm,cyl. The load was kept constant until the spec-
imen failed or, if no failure occurred after 1 hr, the load
was increased until failure. The results suggested that
even for a comparatively short time span of 20–30 min
failure occurs at a level of approx. 85% of the short-term
strength, hence indicating a value for long-term effects of
αcc,30 min = 0.85. Since this type of test is very sensitive to
variances in material strength (the short-term strength
has to be derived from other cylinders than the ones sub-
jected to long-term loading), more tests are rec-
ommended for statistical validation.

In addition to long-term effects, it also should be con-
sidered that the strength of a laboratory cylinder specimen
is expected to be 15% higher than the strength of an in-situ
structure or structural component (γconv = 1.15).22 Hence,
according to the code23 a structural element meets the
requirements if its strength is approx. 85% of the cylinder

FIGURE 7 Test setup and failure mode of load capacity tests

with inhomogeneous cubes (based on19)

8 LÖSCH ET AL.



strength. Further aspects such as size effect and slender-
ness need to be considered and are currently being investi-
gated. First results suggest a significant influence of the
higher wall slenderness compared to a cylinder specimen.
However, these effects are neglected for now on the con-
servative side in the context of this paper.

Thus, the required strength of the layers of the inho-
mogeneous wall elements under experimental testing
conditions fe,i is suggested to

f e,i = αcc,30 min �
f cm,cyl,i

γconv
=0:85 � f cm,cyl,i

1:15
= 0:74 � f cm,cyl,i ð8Þ

The required experimental strength fe,i should be
interpreted as the minimum strength the structural ele-
ment has to possess in order to meet the requirements of
the code.

After reconditioning of the testing machinery and
alteration of the test setup, two more wall specimens
were examined (setup see Figure 9, mixes ILC800 and
500 see Table 1). The thickness of the load-bearing shell
layer was set to 10 cm to reflect 1:1 scale conditions in
combination with the reinforcement. The thickness of
the core layer was set to 12.5 cm. Both walls were sub-
jected to full, centric vertical loading. The expected maxi-
mum load Nu,cal was determined via the stiffness method
using the required experimental strength fe,i instead of
the mean compressive cylinder strength fcm,cyl,i.

As shown in Figure 9 (right), the experimental maxi-
mum load Nu,exp was approx. 90% and 115% of the
expected maximum load Nu,cal, based on fe,i. Both speci-
mens showed a failure mode and crack patterns similar
to the previous tests.

3.3 | Discussion

From the analytical and experimental investigation
outlined above one can conclude that the stiffness
method is a reasonable approach to predict maximum
load-bearing capacity of inhomogeneous MultiLC-
walls subjected to centric, vertical loading. However,
the required strength of the wall specimen fe,i under
testing conditions is not equal to the mean cylinder
compressive strength fcm,cyl,i but significantly lower.
The last two tests indicate that the stiffness method in
combination with the proposed fe,i can reflect the real
resistance of the elements more precisely. More tests
are needed to verify this approach statistically. Fur-
thermore, other aspects influencing fe,i have to be con-
sidered, such as size effect and slenderness.

As described, fe,i should be interpreted as the
strength that is required of the structural element to be
consistent with the code. This means that the proposed
approach for determination of the design values of axial
resistance NRd of the inhomogeneous elements can still
considered to be valid.

4 | STRUCTURAL BEHAVIOR OF
WALL-TO-SLAB CONNECTION

For a holistic investigation of a building envelope a
wall-to-slab connection, hence the connection of a multi
layered ILC-wall and a normal concrete floor slab was
also of interest. The slab connection can be carried out
either hinged or fixed. Hinged connections come with
the advantage of lower stress introduction into the walls
and seem therefore preferable for materials with lower

FIGURE 8 left: test program with inhomogeneous walls (based on19); right: comparison of experimental results, predicted maximum

loads and design loads
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strengths such as ILC. However, fixed connections allow
for longer slab spans due to lower field moments. Fur-
thermore, the considerable wall thickness of ILC-walls
already imply a certain degree of clamping, even with a
hinged connection. Therefore, the feasibility of a fixed
slab connection to a multi-layered ILC wall was investi-
gated. The structural detail was developed, built and
tested in a first trial of a prototype.

An eight story reference building (Figure 10)24 was
used as a sample for loading and geometry and a repre-
sentative combination of vertical load and clamping
moment in one of the connecting points was chosen. In
the first step, the connection was analytically and numer-
ically examined,20,25,26 focussing on the load transfer
from the comparatively stiff normal concrete floor slab to
the rather soft shell and core layers of the MultiLC-wall.
With respect to the previous chapters, compression and
tension resulting from the clamping moment were
expected to be transferred predominantly to the stiffer
shell layers of the wall.

As a result of the analytical investigations, a strut and
tie model is shown in Figure 11. It demonstrates the
expected loads during service load state in the floor slab
as well as in the constituent wall layers. Additionally,
numerical investigations implemented as a FE-Analysis
by SOFISTIK (Figure 12)25 were carried out. Based on
the analytical and numerical investigations, the wall seg-
ment underneath the slab was expected to experience full
compression when subjected to dead load and service
load at design level (vertical load of 280.0 kN from the
wall segment above and vertical load of 21.0 kN on the
floor slab). The loading was chosen to create a represen-
tative combination of vertical load and clamping moment
from the reference building as mentioned above and does

not represent ultimate or serviceability limit state. The
structural detailing, hence the needed reinforcement was
determined for the specimens due to these results.

The experimental investigation contained two speci-
mens shown in Figure 11. As a measuring system, an
optical deformation analysis provided by an ARAMIS
System was chosen. It records the relative deformation in
a marked area shown in Figure 15. Within the experi-
ments, it was shown that the load bearing capacity
exceeded the expected service load. Figure 13 shows the
present deformation in x- and y-direction at service load
of specimen 1 (blue: compression, red: tension). The wall
underneath the slab connection is under full compres-
sion. However, there is a higher deformation at the slab
facing side of the wall. This behavior coincides with the
forces shown in the strut and tie model as well as the
principal stresses of the FE-analyses.

After analyzing the deformation at service design load
(21.0 kN on the floor slab), the load introduced to the floor
slab was raised to a maximum of 98.87 kN and stopped at
that level due to the setup of the testing equipment. The
specimen showed no sign of failure at this point. The
deformation under that load is shown in Figure 14. Due
to the high load on the slab, tension resulting from the
clamping moment outweighs compression from the verti-
cal loading in the outer layer of the wall. Hence, the wall
experiences tension as well as compression. Also, the
deformation analysis shows that the main deformation,
hence the main forces of both, compression and tension,
are present in the outer shell layers of the wall.

As a conclusion, the investigations show the feasibility
of a fixed connection between a normal concrete slab and
a multi-layered ILC-wall. The transfer of the clamping
moment from the slab to the shell and core layers of the

FIGURE 9 left: setup of wall specimen; right: comparison of experimental results, predicted maximum loads and design loads
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wall is possible. As expected according to the stiffness
method and due to the stress distribution of the clamping
moment, the shell layers experience a load concentration

compared to the core layer. There were no flaking at the
wall-slab connection or critical cracks regarding the ser-
viceability detected. As a next step, further investigations
should be carried out to derive a design approach.

5 | CONCLUSION

Multi-functional lightweight concrete elements with
inhomogeneous properties are a contribution to high-
performance materials for the building skin. By an
increase in efficiency of building elements a reduction
of energy and resources consumption can be achieved,
and sustainability thus be enhanced. For the develop-
ment of such highly efficient MultiLC-elements, investi-
gations in concrete technology and building physics as
well as investigations about the structural behavior of
wall and beam specimens and wall-to-slab connections
are of high importance. Infra-Lightweight Concretes
with dry densities between 500 and 800 kg/m3 were
combined to create areas with different properties
according to load bearing and insulation functions
within the cross-section, thus increasing performance.
In order to describe the structural behavior of such
inhomogeneous elements, the stiffness method was cho-
sen from various approaches. Based on this method, ana-
lytical, experimental and numerical investigations were

FIGURE 10 Reference Building24

FIGURE 11 left: geometry and reinforcement of the specimen; right: strut and tie model under service load
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carried out to describe the load bearing behavior of inho-
mogeneous beams, walls and wall-to-slab connections. It
was possible to formulate a first approach to determine
the maximum bending moment Mu for inhomogeneous
beams based on the stiffness method. From the analytical
and experimental investigation outlined above one can
conclude that the stiffness method is a reasonable
approach to predict maximum load-bearing capacity of
inhomogeneous MultiLC-walls subjected to centric, verti-
cal loading. It was also found that the required strength of
a wall specimen fe,i under testing conditions is not equal to
the mean cylinder compressive strength fcm,cyl,i but signifi-
cantly lower. First recommendations could be formulated
for the design of inhomogeneous MultiLC-walls and

MultiLC-beams. Furthermore, the feasibility of a fixed
connection between a normal concrete slab and a multi-
layered ILC-wall was shown. In a next step, the proposed
calculation and design approaches should be verified by
further investigations.
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NOTATION
Ages total area of section, mm2

Ai area of considered layer, mm2

As area of reinforcement, mm2

b width of cross section, mm
d statically effective height, mm
Ei Young's modulus of considered layer, N/mm2

Fc internal compression force, N
fc compressive strength, N/mm2

fcd,pl design compressive strength of plain concrete,
N/mm2

fcm,cyl,i mean compressive cylinder strength of consid-
ered layer, N/mm2

fe,i required strength of considered layer under
experimental testing conditions, N/mm2

Fs internal tension force, N
fy yield strength of reinforcement, N/mm2

hw thickness of cross section, mm
i considered layer
Ii second area moment of considered layer, mm4

ka height coefficient
M bending moment, Nmm
Mu ultimate bending moment, Nmm
n total number of layers
N axial load, N
NRd,λ axial resistance, N
Nu,cal ultimate vertical load, N
Wges section modulus of total section, mm3

x height of the concrete compression area, mm
z internal lever arm, mm
αcc,30
min

coefficient taking account of long term effects
on the compressive strength over a period of
30 min

αR solidity coefficient
βR,i compressive strength of considered layer,

N/mm2

εc c

FIGURE 12 Principle stress; blue: tension; red: compression25
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εs reinforcement strain
σi stress of considered layer, N/mm2

Φ factor taking eccentricity into account
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