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The rapidly growing world population is a great challenge for the building industry. Due to

the impending scarcity of resources, it is not possible to provide the growingmankind with

sufficient living and work places and infrastructure with current construction methods.

For wide-spanning beams and slabs, the decisive design criteria are mainly determined

by deformations rather than stresses, since deflections must be limited. This leads to

structural elements, which are not fully utilized. However, if the deformations can be

reduced, significant material savings can be achieved. Sensors, actuators, and a control

unit enable components subjected to bending to adapt to high but rare loads. This article

presents a solution that allows beams to react actively to loads by use of integrated

actuators. The newly developed integrated hydraulic actuators allow the structure to

react specifically to a wide range of load cases, by adjusting the internal hydraulic

pressure. This is a clear advantage in load-bearing systems because there is often no

dominant load case. This internal actuation concept is a new approach, as previous

adaptive structures either have externally added actuators or are composed of truss

structures in which single bars are actuated. In this paper, the concept is explained

analytically, simulated with the finite element method and validated experimentally.

Keywords: adaptivity, lightweight construction, beams, slabs, simulation

INTRODUCTION

The increasing world population, the growing urbanization, and the rising standard of living
in large parts of the world confront the construction industry with a great challenge, which
cannot be solved with conventional methods (Curbach, 2013; Sobek, 2016). Mineral building
materials, especially sand, the main component of concrete, are already becoming scarce in some
regions of the world (United Nations Environment Programme, 2014). However, extraction is not
decreasing and is twice as high as the natural supply (Milliman and Syvitski, 1992). In addition,
the cement production alone accounts for about 10% of the total anthropogenic CO2 emissions
and subsequently 6% of the anthropogenic greenhouse gases (Scrivener et al., 2016). The entire
construction industry is even responsible for 40% of all greenhouse gas emissions (European
Commission, 2019). With concrete being the most widely used building material (Mitchel, 2008),
alternative design and construction methods must be developed, especially for concrete structures.
Therefore, the following investigations are carried out for the material of concrete.

Passive structures are very often oversized for most of their lifetime, as the loads they are
designed for rarely or never occur. To give an example, the snow and wind loads for Germany,
which are defined in the European codes, have a statistical probability of occurrence once every
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50 years (DIN Deutsches Institut für Normung, 2009). This is an
annual exceedance probability of just 2%. Nevertheless, of course,
structures have to withstand any occurring load, independently of
their frequency of occurrence.

Adaptive structures can react to these rare, but usually high
loads and allow structures to be designed with less material
and therefore with fewer resources and embodied emissions.
By means of a smart interaction between actuators, sensors,
and a control unit, adaptive structures can reduce stresses,
deformations, and vibrations. First concepts of combining such
active components with load-bearing structures into a control
loop can be found in Yao (1972). However, the motivation behind
it was to extend the limiting height of tall buildings rather
than saving building materials. Previous studies on adaptive
structures, which were not limited to vibration control, can be
divided into two categories.

The first category accounts for truss structures in which
individual single bars are actuated (contracted or extended). In
Weidner et al. (2018), a large-scale prototype of an adaptive
high-rise building is presented, in which the deformations
and vibrations of the structure can be reduced by active
columns and bracing elements. In another example, displacement
control has been used to completely compensate for the
deflection of an adaptive truss with electrical linear actuators
(Senatore et al., 2018).

Senatore et al. (2019) introduce a new method for the
design of minimum energy adaptive structures. Embodied energy
in the material and operational energy for control units are
minimized through combined optimization of structural sizing
and actuator placement. Potential reduction of mass and energy
consumption of engineering structures through adaptivity has
also been investigated via Life Cycle Analysis applied to an
adaptive high-rise building (Schlegl et al., 2019).

FIGURE 1 | Concept of adaptive beams with integrated actuators. Passive

state (Top); active state (Middle); and adaptive state (Bottom).

The second group of studies employs the principle of
adaptivity by installing actuators to the structures externally
(Domke et al., 1981; Domke, 1992). This means that the
whole structure can be manipulated with few actuators. For
example, experimental testing on a small-scale prototype has
shown that it is possible to manipulate the deformations
of a bridge with only one actuator that rotates one of
the bridge’s bearings (Teuffel, 2004). Experimental testing
on a large-scale prototype, an adaptive shell structure,
has shown that a significant reduction of stress can be
achieved through a translation of the supports, which are
equipped with actuators (Sobek et al., 2013; Neuhäuser,
2014).

Further examples for external actuation are structures with
variable prestress devices (Pacheco et al., 2010; Schnellenbach-
Held et al., 2014). Here, the level of prestressing is adjusted
at the anchorage according to the external load. However, the
characteristics of the stresses determined by the curved tendons
cannot be changed.

In the presented concept, load-bearing structures and
actuators are not separated. Several actuators are integrated into
the cross-section of a beam, thus allowing for a section-wise
manipulation and therefore specific reactions to a wide range
of load cases. The focus in many studies is to adapt the whole
load-bearing structure, whereas in this paper, the aim is to
manipulate beams as a part of an overall structure.

OBJECTS OF INVESTIGATION

A look at the built environment reveals that almost every building
(whether residential or office) consists of components subjected
to bending. These are mostly beams that act as downstand beams
or rafters of frames or slabs in the form of floor slabs. In skeleton
structures, which are very often used in non-residential buildings,
components subjected to bending make up over 50% of the
total mass (Berger et al., 2013). Depending on the height of the
building and its number of stories, it may increase to up to or over
75% (Block et al., 2017). In order to save material and therefore
reduce embodied emission, components subjected to bending
should be intensively considered.

In most cases, those components are flat structural elements
that are easily manufactured and, unlike shells, for example, are
ideal for use as floor levels. So far, the load transfer of components
subjected to bending is inefficient (especially with the small inner
levers of beams and slabs). In the neutral fiber, the incorporated
material is hardly or not used at all during the linear transition
from compressive to tensile strain (Gross et al., 2018). Mass
reduction through adaptation of high-performance concrete is
possible. However, since self-weight is reduced, variable loading
events such as payloads or snow loads become dominant. In
these cases, when strong loads that do not occur frequently are
dominant, an adaptive beam concept could significantly improve
the performance of the structure.

A further important aspect in the design and dimensioning
of the beams and slabs is that the governing limitation is not
stress but rather deformations to ensure the serviceability, e.g.,
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FIGURE 2 | Detail of a beam with one actuator.

FIGURE 3 | Single-span beam with 10 actuators with the same hydraulic pressure (Top) and the theoretical bending moment diagram (Bottom).

avoid damage to non-load-bearing partition walls (Setareh and
Darvas, 2016). This results in a stiffness problem, not a strength
problem. In order to adhere to these limits, an adequate stiffness
of the structural element has to be achieved by an increase of
the element’s cross-section and therefore mass. In the presented
alternative, adaptive structures can reduce the deformation to
the desired minimum through actuation. Actuators induce a
counter-deformation, increasing the stiffness of beams, when
external loads occur. Therefore, reduction of the deflection atmid
span is defined as the target of control.

Adaptive beams and slabs have a great mass saving potential
by compensating for deflection actively, which could change the
design of these components from stiffness to stress governed.

CONCEPT

Passive beams, as utilized today, deform under their own weight
and under a possible external load (passive state). In order to
compensate for this deflection, a concept has been developed
in which the beam is deformed in the opposite direction by
integrated actuators (active state). A superposition of these two
states, a positive curvature and a negative curvature, results
in zero deflection at any time (adaptive state). Sensors detect
whether an external load acts on the beam and transmit that
information to a control unit, which forwards a command
to the actuators if necessary. A similar concept was already
developed with the focus on stress control in Sobek (2016).
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FIGURE 4 | Single-span beam with two single loads and the corresponding bending moment diagram.

FIGURE 5 | Induced moments by 10 actuators (Top) and the bending moment diagram as a reaction to two symmetrical loads (Bottom).

Since deformation limits are often governing for dimensioning
components subjected to bending, in this work, the focus is
on control of deflections. Figure 1 shows a visualization of
this concept.

upassive + uactive = uadaptive (1)

The deflection in the passive state upassive(F) depends on the
external load F. In the active state, the deflection uactive(p)
depends primarily on the hydraulic pressure p through actuation.
The forces generated this way counteract the deflection in the
passive state. The adaptive state uadaptive (F,p) is dependent on
both the external load F and the pressure p inside the actuators.

upassive(F)+ uactive(p) = uadaptive (F,p) (2)

In the proposed concept, the pressure p is dependent on the
external load F. If the external load F increases, the pressure p

must also increase to keep the deflection uadaptive low or zero.
For a significant performance increase, uadaptive should be as low
as possible.

upassive (F) + uactive
(

p (F)
)

= uadaptive
(

F,p (F)
)

∼= 0 (3)

Depending on whether the actuators are placed in the
compression or tension zone of the beam, an expansion or
contraction is needed to counteract deflections. Placing actuators
in both compression and tension zones is also possible (Kelleter
et al., 2018). The presented investigations focus on an actuation
in the compression zone.

To prove this concept, an analytical approach is derived
in section Analytical Approach, which is numerically and
experimentally validated on a 1,200× 200× 100 [mm3] concrete
beam in sections Numerical Simulation and Experimental
Validation, using the finite-element method (FEM) and a
universal testing machine (UTM), respectively.
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FIGURE 6 | Normal force diagram of a statically determinate (Top) and statically indeterminate (Bottom) single-span beam.

Analytical Approach
Each actuator induces a pair of normal forces FA,i and a pair of
bending moments MA,i. The actuation concept has no influence
on the shear forces within the beam. The resulting force FA
induced into the cross-section via an actuator is calculated from
the hydraulic pressure pA and the available actuator cross-section
AA (Janocha, 2004). Design measures are taken to ensure that the
hydrostatic stress state from the applied hydraulic pressure in the
actuators is largely restricted to one predetermined axis. Thus,
a distinct orientation of the resulting force FA can be ensured,
which lies strictly in the longitudinal axis of the beam. Since
the actuator is located in the compression zone, the distance
between the actuator center and the axis of gravity of the beam
hA results in a momentMA (cf. Figure 2). For a single actuator i,
the relationship can be written as:

MA,i = FA,i·hA,i = AA,i·pA,i·hA,i. (4)

A first approach to determine the necessary pressures pA is to
use an equilibrium of moments. The moment generated by the
actuators MA should be equal to the moment from external
loadMq:

MA + Mq = 0 (5)

Theoretical Bending Moment Diagrams
If the passive moment Mq increases, the induced active moment
must be raised accordingly by the same amount but with opposite
sign. Since the active bending moment of one actuatorMA,i only
acts locally, more than one or rather multiple actuators should
be arranged along the entire longitudinal axis of the component.
The theoretical bending moment diagram for a one-dimensional
beam, using a simple strut and tie model, with 10 actuators is
shown in Figure 3.
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TABLE 1 | Calculated hydraulic pressure in each actuator.

Actuator xi [mm] Mq,i [kNm] pA,i [N/mm2] pA,i [bar]

1 50 0.20 0.80 8.0

2 150 0.60 2.39 23.9

3 250 1.00 3.98 39.8

4 350 1.33 5.31 53.1

5 450 1.33 5.31 53.1

6 550 1.33 5.31 53.1

7 650 1.33 5.31 53.1

8 750 1.00 3.98 39.8

9 850 0.60 2.39 23.9

10 950 0.20 0.80 8.0

For the building industry in particular, a prediction of the
occurring loads is very difficult, in many cases even impossible.
Therefore, an adjustment of the individual active bending
momentsMA,i generated by the actuators is desirable. This could
be done by changing the distance hA of the actuators to the
neutral axis, by reducing the size of each actuator’s areaAA,i or by
individually adjusting the pressure pA,i. Of those parameters, only
the adjustment of the hydraulic pressure pA,i can be repeatedly
varied. Thus, this concept will be pursued further. By adapting
the pressure, the bending moment diagram from the actuators
can be adapted to counteract the bending moment caused by the
external load.

Figure 4 shows the bending moment diagram of a four-
point bending test. In this example, some actuators should be
pressurized differently. The internal hydraulic pressure should be
the same for all actuators between the application position of the
two point loads and lower for the actuators toward the support,
generating an oppositely directed bending moment diagram (see
Figure 5).

Further examples can be found in Kelleter et al. (2019).

Theoretical Normal Force Diagram
This far, all shown examples (cf. section Theoretical Bending
Moment Diagrams) are statically determined, which is often
preferred to avoid restraint forces. The normal forces induced by
the actuators are short-circuited locally, along each actuator, as
the beam can expand or contract freely. This means that the areas
between the actuators are theoretically stress free, while the areas
around the actuators are not (see Figure 6).

If the beam elongation is constrained (statically
indeterminate), not only the stress in the area of the actuators
can be manipulated, but also the stresses between the actuators.
More precisely, it is possible to compress the spaces between
the actuators, due to an expansion of the latter (see Figure 6).
Although constraints are usually avoided, for concrete beams
with integrated actuators, this seems to lead to a distribution that
consists of compression only.

The ratio of compressive forces in the beam in Figure 6,
between the actuators (blue) and tensile forces (red) around the

actuators, is dependent on the ratio of stiffness of those areas.
In previous studies on adaptive truss structures, a distinction
was made between parallel and serial actuation (Weidner et al.,
2019). With the actuator being surrounded by concrete on all
sides, the shown actuation concept can be considered parallel
(cf. Figure 2). If the stiffness around the actuators is zero, this
actuation concept would be closer to a serial actuation. This
article on integrated actuators focuses on reducing deflection and
the bending moment; therefore, the normal and shear forces are
not discussed further. The parallel and serial actuation of truss
structures is examined in more detail in Steffen et al. (2020).

Example
The shown analytical approach is applied to the chosen adaptive
beam (1,200 × 200 × 100 [mm3]), loaded in the four-point
bending setup (cf. Figures 1, 4), with a distance between the
supports of 1,000mm (cf. section Experimental Validation), as a
first simplified approach to determine the needed pressures. It is
assumed that both point loads F are 4 kN, leading to a maximum
bending momentMq of 1.33 kNm.

From the resulting passive bending moment diagram, the
needed pressures can be calculated by solving Equation (4) for
the pressure.

pA,i =
Mq,i

AA,i·hA,i
(6)

All actuators are assumed to be thin cylindrical discs (cf. Section
Experimental Validation), with a diameter of 80mm, resulting
in an area AA of 5026.5 mm². Each actuator is positioned in
the center of the upper half of the cross-section (cf. Figure 2),
leading to an inner lever hA of 50mm. The position was chosen so
that the lever arm hA is maximized, while keeping the actuators
evenly surrounded by concrete. Ten actuators are placed along
the longitudinal axis of the beamwith an interval of 100mm, with
the first actuator being placed at a distance of 50mm from the
first support. The equidistant arrangement was derived through
FE analysis (cf. section Numerical Simulation). The calculated
pressures are presented in Table 1 and further used for the
numerical simulations in section Numerical Simulation.

NUMERICAL SIMULATION

The example from Section Analytical Approach is further
validated through numerical simulations through FE analysis.
The determined hydraulic pressures are adjusted if necessary.
The beam has been modeled with the software ABAQUS and
consists of solid elements C3D10 with an approximate element
size of 2mm (cf. Figure 7). The C3D10 element is a second-order
tetrahedral element with 10 nodes and four integration points. A
comparison between a model in which the actuators were fully
modeled and a model in which the actuators were simplified as
a cavity in the beam showed that this simplification does not
affect solution accuracy significantly. Therefore, the actuators
were idealized as a cavity with a surface pressure applied on
the xy-plane, which is set to the pressure given in Table 1 (see
Figure 7).
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FIGURE 7 | Finite-element method model with loads, boundary conditions, and 10 actuators. Concrete in gray and steel in green.

FIGURE 8 | Beam with one actuator to calculate the distance between the actuators.

Since a linear elastic behavior is assumed (in the
best-case scenario, the beam has no deflection at all), a
linear elastic material is defined. A conventional concrete
C35/45 is used, which is modeled with a modulus of
elasticity of 34,000 N/mm². The support flats and load
introduction flats were also modeled in accordance with
the experimental setup of Section Experimental Validation.
These flats were made of steel with a modulus of elasticity
of 210,000 N/mm² and were meshed with eight node brick
elements C3D8R.

The symmetry of the beam is used to save calculation
time. Only half of the beam is created and provided with
the necessary boundary conditions (displacement-x = rotation-
y = rotation-z = 0) (see Figure 7). One support restricts
vertical (displacement-y = 0) and horizontal (displacement-z =

0) movement, and the other one restricts vertical movement
only. To allow for rotations of the supports, their translational
boundary conditions are not applied over the entire surface
of the support flat, but only along a line parallel to the x-
axis (cf. Figure 7). Between the steel flats and the concrete
beam, a frictionless surface-to-surface contact is defined to take
the polytetrafluoroethylene layer into account, which will be
placed between the steel flats and the cylinder segments in the
experimental setup.

As explained in section Theoretical Normal Force Diagram,
the forces induced by an actuator in the cross-section only
act locally. Firstly, the stresses induced by each actuator
decay or homogenize over the length of the beam, according
to the principle of St. Venant (Mises, 1945). Secondly, the
forces are short-circuited, since each actuator is surrounded
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FIGURE 9 | Vertical displacements of the adaptive beam under external load with 0 bar internal pressure (Top) and with 53 bar (Bottom), up-scaled by a factor of

200.

by concrete (parallel actuation). Multiple actuators should be
spaced depending on this effect. Thus, a separate FE analysis
was done to estimate the distances between the actuators.
A beam with only one actuator with a hydraulic pressure
of 53 bar (cf. Table 1) and no external load is simulated
(see Figure 8). The maximum stress in longitudinal direction
from actuation results in the area next to the actuator (5.3
N/mm3). As the stress fields of two adjacent actuators overlap,
the spacing of the actuators is chosen to be determined by
the distance over which the maximum stress induced by one
actuator reduces by at least 50%. In the given model, the
maximum stress decreases from 5.3 N/mm² to 2.66 N/mm²
over a distance of approximately 50mm, resulting in a spacing
of 100mm for the actuators. This leads to 10 actuators for
the given span of 1,000mm. The quality of this estimation
is evaluated through experimental investigations and modified
if necessary.

The simulations with 10 actuators show that the deflection
resulting from two external point loads of 4 kN each
and the dead load of the beam can be reduced from
upassive = 0.00815mm to uadaptive = 0.00285mm (see

Figure 9). In this simulation, all actuators have a hydraulic
pressure of 53 bar, because in the tests, the pressure was
not individually adjusted for each actuator (cf. section
Experimental Validation).

EXPERIMENTAL VALIDATION

Results obtained from the FE analysis are experimentally
validated in a four-point bending test series. The beam rests
on two support plates, which, separated by an intermediate
polytetrafluorethylene layer, rest on half cylinders. A UTM
applies the external load via two steel plates and the deflection
of the beam is measured at mid-span with two inductive
displacement transducers. The experimental setup is visualized
in Figure 10. The test is carried out by first letting the
structure deform under the external load and then compensating
the deflection by the hydraulic pressure in the actuators.
This process takes place successively in order to observe
the behavior of the beam in each state. For simplicity,
in this series of test, the pressure is not varied for each
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FIGURE 10 | Experimental setup for the four-point bending tests. All measurements in centimeters.

actuator individually, as shown in section Analytical Approach.
Instead, the same pressure is applied to each actuator at the
same time.

Actuators
The actuators were specifically developed for integration in
concrete beams. As maintenance is not possible, no wear
parts are used. Due to the minimal deformations of the
concrete, the actuators also only have to generate minimal
displacements. Thus, in order to completely eliminate the use of
parts subjected to wearing, only the elastic deformations of the
actuators are utilized. However, large forces must be generated
to actuate the beam. Among the many actuator operating
principles, hydraulic was chosen because it can generate the
required forces and at the same time it can react quickly. In
addition, hydraulic pressures can be transmitted directly to the
concrete structure.

Each actuator consists of three layers, two external steel
sheets with 1mm wall thickness, and an internal core with
2mm thickness, which stiffens the actuator in radial direction.
Despite hydrostatic internal pressure, forces can be introduced
exclusively in the axial direction of the beam, by positioning
the actuators accordingly. The actuators are disc-shaped with
a diameter of 80mm (see Figure 11). The three layers are
welded all around and connected to a supply line for the
hydraulic oil with a diameter of 4mm. A visual prototype,
showing the section of a concrete beam, is depicted in Figure 12.

FIGURE 11 | Actuator used in the experimental validation.

Each actuator is connected to a hydraulic power unit via
its supply line pipe (cf. Figure 11). The pressure in each
actuator can be individually adjusted via solenoid valves and
hydraulic pressure transmitter, which are both attached to
the hydraulic power unit (for simplicity, in this test series,
the pressure in the actuators is not adjusted individually).
The control loop with all additional components is shown in
Kelleter et al. (2019).
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FIGURE 12 | Prototype with only one half poured with concrete and 10 integrated actuators. Length = 1,200mm.

FIGURE 13 | Results of a four-point-bending test: external load (Top), mid-span deflections of the beam (Mid), hydraulic pressure inside the integrated actuators

(Bottom).
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FIGURE 14 | Compensation of the deflection (Top) and strains (Bottom) as a result of hydraulic pressure.

Test Results
Figure 13 shows the measurement results of a test with an
actuated beam under four-point bending load.

Initially, the beam is loaded with 8 kN. This load is kept
constant under force control for the rest of the test duration. After
reaching the maximum external force, the hydraulic pressure
inside the integrated actuators is increased continuously in steps
of 10 bar. As can be seen in the bottom diagram in Figure 13, the
mid-span deflection is fully compensated at a pressure of approx.
47 bar. Increasing the pressure further, the beam can even be bent
upwards (positive curvature).

At a pressure above 50 bar, the first cracks appear at the outer
ends on the upper surface of the beam, i.e., in the normally
compressed zone. This failure behavior coincides with the theory.
Since there is less compressive stress due to the bending moment
(above the supports, the bending moment is almost zero), the
pressure of the actuators, which is not adapted to the moment
characteristic, leads to failure in these areas. In the tested beams,
there is no reinforcement in the upper part, which is compressed
in the passive state and under tension when the beam has a
negative vertical deflection, although in real beams, there is most

likely reinforcement in the compression and tension zone as a
secondary reinforcement.

The test results and the results of the FEM simulation are
compared in Figure 14. In the unpressurized state, the simulated
deflection is greater than the measured deflection. This is due to
the fact that the actuators are not modeled (see section Numerical
Simulation) and therefore the supporting effect of the actuator
housing is not taken into account. Between 10 and 40 bar, there
is good accordance between numerical and experimental results.
The deviation at 50 bar is due to the ideal elastic material model
on which the simulation is based. Due to the cracking of the
concrete, when the beam is rising upwards, this model cannot
accurately predict the response of the structure.

Another parameter used for validation are the strains. Two
strain gauges are attached to the beam. One on the top surface
and one on the bottom surface, both placed in mid-span.
The calculated strains are very close to the measured strains,
verifying the FEM model (see Figure 14). Both strain values are
significantly reduced. The strain at the top side of the beam is
reduced much more than the strain at the bottom side. This
observation is in good accordance with theoretical predictions.
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This is because the actuators not only reduce the bending
moment and therefore the deflection, but also induce a pair of
normal forces (cf. section Numerical Simulation). At the top,
where the actuator is closer to the surface, the effect of the
elongation due to the pair of normal forces is higher than at the
bottom (St. Venant principle).

CONCLUSION

In this paper, it was shown that the deflection of a concrete
bending beam can be minimized by means of integrated
fluidic actuators. Based on the presented example of a
beam on a reduced scale, the concept was derived with
analytical preliminary considerations and with FEM simulations.
Simulation results were validated experimentally. There is good
accordance between numerical and experimental results in the
linear elastic range.

The entire compensation of the deflection of components
subjected to bending allows a new way of dimensioning. The
approach of integrating the actuators into the cross-section
allows one to react, unlike many other adaptive structures, to a
wide range of load cases in an optimal way. By transforming the
stiffness problem of beams into a strength problem, this approach
has a great mass and energy saving potential. How much
material and energy are saved depends on the individual scenario
(span, maximum load levels of external loads, probabilities
of occurrence, etc.). In the example shown, however, the full
compensation of deflection is highly promising.

The next step is to calculate the material savings that can be
achieved through the shown concept. This is an iterative process,
since a reduction of the cross-section means that the actuators
must also be reduced in size. As a consequence, the resulting
actuator force is lower for a given pressure. The proven concept

in this paper is limited to static loads, but the developed actuators
can also compensate for vibrations. The hydraulic power unit can
increase the pressure almost in real time, since small changes in
volume are sufficient.
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