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POINT-SUPPORT REINFORCEMENT FOR A HIGHLY EFFICIENT TIMBER
HOLLOW CORE SLAB SYSTEM

Cristébal Tapial, Hans Jakob Wagnerz, Simon Treml3, Achim Menges4, Simon Aicher?

ABSTRACT: The paper presents a new point-supported slab building system concept developed at the Cluster of
Excellence on Integrative Computational Design and Construction for Architecture (IntCDC) at the University of Stuttgart.
The system uses a hollow-core system with two thin CLT plates acting as flanges and a set of distributed shear web elements
in-between. The introduction of point supports induces large shear forces concentrated in the narrow region surrounding
the column. This area is reinforced by an LVL core placed in-between CLT flanges, at the column-head position, with
discrete web elements connected laterally to introduce the shear forces. Two alternative solutions for this connection are
presented, differing mainly in the chosen strategy to bond both components: side bonding of web beams into the LVL
core, or only gluing the frontal sloped face of the web beams. An experimental campaign was set, where a total of three
specimens of each alternative where manufactured and tested. The results showed a clear superiority of the side-bonded
web beams, reaching capacities between four to five times larger than the alternative without side bonding. The paper
discusses the relationship of the system with robotic manufacturing processes and presents experimental and corresponding
finite element results.

KEYWORDS: multi-storey timber buildings, CLT, LVL, beech LVL, web beam bonding, robotic manufacturing, hybrid
composite

1 INTRODUCTION (re)-usability, timber-based construction systems must be
further developed to increase the possibilities and design
freedom of the (re-) distribution and (re-) partitioning of
inner spaces. This typically requires relatively long spans,
a limited amount of columns that can be freely positioned
to optimize flexible use-options and a flat bottom side of
the slab to simplify the reinstallation of spatial divisions
(inner walls).

The last decade has seen a steady increase of multi-storey
timber projects [2, 9, 14, 16] enabled by the continuous
development of new technologies, including novel con-
nections and structural elements (see e.g. [10, 22]). This
trend will foreseeable continue during the next years, as
it allows for an efficient use of the already scarce con-
struction area in cities, while offering incentives to reduce
CO; emissions and improve construction conditions (less
noise and shorter build times). Thus, timber is becoming
a viable alternative to the presently dominant reinforced
concrete (RC) building systems. This is at least true for
multi-storey building typologies that afford rigid grids and
single span structural systems [16]. However, to achieve
similar capabilities as with reinforced concrete or steel
buildings in terms of architectural flexibility and long-term

Applied to timber structures, such a flexible point-
supported slab structure presents several challenges. For
example, this concept presupposes a biaxial mechanical
behavior of the plate elements, which for the case of timber
requires special considerations on the level of edge connec-
tions, as plate dimensions are limited by production and
transport constraints. Then, since the whole floor plan acts
as a monolithic, biaxial plate, large and rather concentrated
negative moments form in the immediate proximity and
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Figure 1: lllustration of the development of a new hollow-core slab building system based on CLT outer plates with discrete distributed

GLT web elements

for large spans can be regarded as rather wasteful com-
pared to different, more optimized systems. For example,
the slab elements used in the building “Mjestarnet”, Nor-
way, were conceived as ribbed elements, thus making a
more efficient use of the material [2]. The general con-
cept of ribbed slab elements is appealing in many ways,
however, the current implementations—mostly devised as
unidirectional elements—restrict the layout of columns to
rather strict rectangular grids. Hence, the design space is
severely limited [16]. Concepts also exist for computation-
ally designed reinforcing beam networks of timber slabs for
flexible column positions [4]. Several questions regarding
its structural performance and fire-resistance are not yet
answered and in the immediate future this approach seems
not economically viable for large-scale building structures.

At the Cluster of Excellence on Integrated Computa-
tional Design and Construction for Architecture (IntCDC)
of the University of Stuttgart a new slab building system
concept is currently being investigated that aims to over-
come design limitations of conventional systems in an eco-
nomically viable manner. This timber building system is
conceptualized as a point supported flat slab for large and
multi-directional spans without the use of steel and con-
crete details. An early iteration of the system was presented
in [8, 13]. The general concept consists of a hollow-core
system with two rather thin CLT plates acting as flanges
and a set of discrete, optimally distributed shear web ele-
ments in-between. Such a system is naturally very efficient
for long spans, however, the introduction of point supports
presents demanding challenges, as large shear forces con-
centrate in one narrow region. Due to the hollow nature of
the slab, not enough material is present to resist the highly
concentrated shear forces, thus requiring a special solution
to reinforce the plate in the region of the supports.

This contribution presents the current development state
of a hybrid hard- and softwood solution for the reinforce-
ment of the highly stressed region above the point-supports
of a hollow-core slab system. Important aspects of the
interrelationship of the system with robotic manufacturing
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processes are discussed, and first experimental and corre-
sponding finite element results are presented. Finally, the
possibilities and limitations for practical applications of
the system will be discussed.

2 DESCRIPTION OF THE SYSTEM
2.1 GENERAL

The slab system is composed of two CLT plates acting as
biaxial flanges and a set of relatively short GLT elements
glued between both CLT plates, which take the role of web
elements (see Fig. 1). The exact position and orientation
of these web elements varies throughout the extension of
the floor and is determined by an agent-based model that
considers the field of shear forces computed by a finite ele-
ment (FE) model of the analyzed building [12]. In essence,
the web elements are oriented following the shear force
trajectories, thus aiming at an efficient utilization of the
material. The described build-up of the slab system enables
a biaxial behavior with very similar bending stiffness in
both principal axes. Depending on the floor plan of the
building, the column positions and applied set of loads,
regions of high or low density of these web elements arise.

2.2 ROBOTIC MANUFACTURING CONCEPT

This differentiated distribution of shear webs within the
hollow slab is further enabled by a robotic assembly process
of the hollow slab elements. The exact position data of the
webs from the computational design methods mentioned
above can be directly streamed to a robotic fabrication
platform, that assembles the web elements in their exact
position. This process was tested for a small scale project
presented in [15]. As the robotic platform is digitally con-
trolled the complexity of assembling webs in unique pat-
terns is the same as assembling the webs in standardized
positions. Hence the co-design of the slab with optimized
web layouts together with digital manufacturing processes
allows for optimization potentials in the slab that would be
not feasible without the integration of digital design and
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Figure 2: Concept point-supported hollow-core plate system

robotic fabrication. The robotic fabrication process never-
theless also has reciprocal requirements to be considered in
the internal structural details of the slab. This is especially
relevant regarding the structural connection of webs to up-
per and lower flange and their connection to reinforcement
elements inside the hollow slab. The fabrication concept
envisions that the robot first selectively applies adhesive
on the bottom plate in all areas where webs will be placed.
Subsequently webs are placed on the adhesives and pressed
with partially-threaded screws. After curing of the bond
line between bottom plate and web beams and removal of
screws, the plate arrives again at the robotic fabrication
setup. Adhesive is applied on top of the webs and the top
plate is placed and pressed again using screws. Through
this process a structural bond of the inner elements with
upper and lower plate can be established completely in-
dependent of hydraulic, mechanical or vacuum cramping
equipment.

2.3 STRUCUTRAL CHALLENGES AROUND COL-
UMN SUPPORTS

Intuitively, regions of higher positive moments towards
the center of the spanned fields are subject to lower shear
forces, thus reducing the density of web elements. On the
other side of the spectrum, in the regions surrounding a
column the sectional shear forces rapidly increase, requir-
ing a higher amount of material (more webs). Furthermore,
the same region will be subjected to highly concentrated
negative moments, imposing high biaxial tensile stresses
in the plane of the top CLT plate. This is further worsened
by the typical presence of a hole, necessary for the transfer
of vertical column loads originating in the upper floors of
a multi-storey building (see e.g. [10, 14]).

In order to safely handle these unfavorable stresses, a
special reinforcement concept is needed. Such concept
must consider both, the shear forces and the tensile stresses
in the top plate. A possible solution for this is shown in the
following.
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2.4 COLUMN-HEAD CONCEPT

The proposed solution is composed of three elements,
which are illustrated in Fig. 2. Starting from top to bottom
the following components are present: (i) an LVL plate
on the upper side of the top CLT plate to take care of the
reinforcement against high tensile stresses due to negative
moments; (ii) a solid LVL block with cavities for the at-
tachment of incoming web elements to help resisting the
high shear forces; and (iii) a smaller LVL block inserted in
the bottom CLT plate, directly above the column head, to
reinforce against failure due to high shear and compressive
stresses. These three components are glued to the CLT
plates to ensure an efficient load and stress transmission.

The plate for the reinforcement of tensile stresses is the
same as presented in [18] for a reinforcement concept for
CLT plates, and is therefore not discussed in detail in this
paper. The main topic of this paper is the LVL block for
the reinforcement of shear forces, where different aspects
related to the manufacturing and structural efficiency are
covered.

The relatively high shear strength of the spruce LVL
block—compared to typical softwood CLT—allows to re-
sists the high shear forces in the region surrounding the
column. These forces are mainly coming from the web ele-
ments, which raises the question regarding the connection
between webs and LVL block.

For the ease of robotic fabrication it would be preferred
if a lateral connection between shear web and LVL rein-
forcement can be avoided. However, for heavily loaded
columns this would increase the necessary dimension of
the LVL block, as enough surface is required to transfer
the shear stresses. In this paper, two alternatives are in-
vestigated, resulting from the manufacturing constraints
discussed above.
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Figure 3: Alternatives investigated for the application of the
adhesive in the connection between GLT web and LVL core ele-
ments, (a) Alternative A; (b) Alternative B

2.5 ALTERNATIVES FOR CONNECTION BE-
TWEEN LVL CORE AND WEB ELEMENTS

2.5.1 Alternative A

The alternative A considers the milling of a wedge-
shaped cavity with angle « in the LVL block with a width
wp > Wy, where wy, = 100 mm is the width of the web
element (see Fig. 3a). The end of the web is cut with the
same angle « as present in the LVL block. Relatively high
tolerances in the horizontal plane need to be considered
when large wooden elements are fully robotically assem-
bled. This stems from several factors such as inconsistent
dimensional accuracy of GLT beams, manufacturing tol-
erances of cavity and positioning accuracy of the robotic
placement. Between the lateral faces of the GLT and LVL
elements a gap with thickness 74 = 10mm is left. This
enables a robust robotic placement of the webs into the
cavities.

The inclined surface of the web needs to be bonded with
the inclined surface of the LVL block. The adhesive that
can be applied by the robotic fabrication platform is par-
tially gap-filling up to bond line thicknesses of 1.5 mm.
This demands a highly accurate positioning of the web
in direction of the longitudinal axis of the web. For this
requirement a /ocator feature (see Fig. 4) was included
in the web and LVL block geometry, which enables the
robot to press the web laterally against the LVL block to
ensure precise positioning. Subsequently, the adhesive in-
terfaces between web-bottom plate and web-LVL block are
pressed via screws. Further small pockets were included in
the design of the LVL cavity and web geometry, to avoid
that cured adhesives overruns restrict neither the correct
positioning of the web nor that of the top plate.

2.5.2 Alternative B

Alternative B considers a three-sided embedment of the
web beam end in the LVL block (see Fig. 3b). This is
done by filling the lateral cavities between the LVL block
and web beam with a gap-filling, two-component epoxy
adhesive, enabling the transfer of shear stresses through
these surfaces. From a mechanical perspective, this should
be more efficient than alternative A, as more surface is
available for the transfer of stresses, and on the side of
the web element the surfaces are aligned with the main
axis of the GLT element. Compared to alternative A, the
gap must be smaller, to avoid using too much adhesive,
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leading to possible extreme exothermic reactions. There-
fore, the gap is set to g = 3mm. For the fabrication of
Alternative B the placement of the web can be achieved
within the typical tolerances. Nevertheless, the filling of
the gap with the two-component adhesive is a rather labori-
ous task for an automated process. This is mainly because
the gap between web and LVL needs to be sealed before
glue application, then the glue needs to be filled without im-
pacting the quality of the top web and LVL surface. Finally,
the robotic fabrication platform considered for the fabrica-
tion of the hollow slab components is not equipped with
a two-component epoxy application system. Hence, the
fabrication concept for Alternative B considers the robotic
placing the web beam into the LVL block, but bonding is
performed exclusively to the bottom CLT plate. While the
adhesive interfaces between inner elements and bottom
plate are stored for curing, the gap between LVL block
and web is manually filled with the two-component epoxy
adhesive.

3 EXPERIMENTAL CONFIGURATIONS
AND MANUFACTURING
3.1 STUDIED CONFIGURATIONS

The shear capacity of the connection was experimentally
investigated for both alternatives A and B. The angle o was
varied such that the side ratio r, = arctan(a) = 1:1, 1:1.5
and 1:2. The experimental set-up is illustrated in Fig. 5.
Here, the LVL core is clamped by pressing a steel plate on
the top of the LVL core to a steel I-beam on the bottom
by tightening one full-threaded rod at each side. Below
the LVL core a set of steel plates were arranged, such that
only the area directly below the embedded web beam was
allowed to rotate freely (see Fig. 5). The load was applied
on a steel plate placed on the top face of the GLT web, at a
distance of 20 mm from the edge of the LVL core. The total
length of the loading plate varied for each configuration,
being /¢, = 100 mm for r, = 1:1 and s = 220 mm for
ro = 1:1.5 and 1:2, respectively.

Self-tapping screws were inserted directly under the
loading plate to reinforce this region and to better distribute
the shear stresses within the cross-section.

The specimens were tested at the Division of Timber
Constructions of the Materials Testing Institute, Univer-
sity of Stuttgart, with a servo-hydraulic universal testing
machine with a maximum load capacity of 1.6 MN. The
load was applied in displacement-controlled manner with
a stroke rate of 0.1 mm/min.

3.2 PROTOTYPE MANUFACTURING

The LVL core was manufactured by bonding six layers
of unidirectional spruce LVL plates, where each plate was
oriented orthogonally with respect to the adjacent plates.
The top-most plate is oriented in the direction parallel to
the GLT’s main axis. On each LVL block two inclined
cavities were milled at the opposite sides, parallel to the
main axis of the experimental set-up. This enabled to test
connection alternative A on one side and alternative B on
the opposite side independently. The cavities in the LVL
block were milled with a Kuka Industrial Robot at Ziiblin
Timber GmbH, Aichach, Germany.
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Figure 5: Experimental set-up used for the study of both alterna-
tives A and B

3.3 BONDING OF SPECIMENS

The bonding of alternative A was performed by apply-
ing an aminoplastic melamine-urea-formaldehyde (MUF)
adhesive directly on the inclined surfaces of both, the GLT
and LVL elements, and then evenly spreading the adhe-
sive with a spatula. Hereinafter, the GLT beam was placed
in its intended position, followed by the insertion of two
to four partially threaded screws (depending on the ge-
ometry) to produce the required pressure. One or two
screws were placed vertically, while the others were in-
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Figure 6: Realized experimental setup

serted in a direction perpendicular to the inclined surface.
A dummy softwood plate, later removed, was placed below
the LVL block in order to provide anchoring material for
the threaded screw part.

The procedure followed to bond alternative B consisted
on securing the GLT element in its position by means of
screws and then sealing the vertical gaps between LVL and
GLT by means of a special adhesive tape. Thereafter, the
two-component epoxy adhesive was injected through pre-
drilled holes until the gap was completely adhesive-filled.

All specimens were left to cure for at least two days
before proceeding with the tests.
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Figure 7: Geometry, discretization of the implemented finite ele-
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4 FINITE ELEMENT MODEL

A 3D finite element (FE) model was implemented with
the Python API of the software Abaqus [1]. The model uses
linear brick and wedge continuum elements of type C3D8
and C3D6, together with the elastic mechanical properties
shown in Table 1. The length of the web beam was defined
such that its outer end coincides with the center of the load
application point. This reduces the amount of elements
in the model and enables the load application in a more
evenly distributed manner (see below).

An illustration of the discretization of the model is pre-
sented in Fig. 7, where the mesh size is about 20 mm. The
bonded interfaces in both alternatives, A and B, were mod-
elled with a cohesive behavior with stiffness parameters
kn, = k; = 1000 N/mm3. The cohesive regions used for
each alternative are shown in Fig. 7. The clamping condi-
tion was simulated by restraining the vertical displacement
on a surface at the bottom face, according to Fig. 5, and at
the top, while the load application was done by introducing
a distributed vertical load on the outer vertical face of the
GLT element (see Fig. 7).

The results were saved in the ASCII format (*.fil) and
later post-processed with the Python library Pybaqus [19].
The scripts used for this paper are available in [20].

5 EXPERIMENTALAND NUMERICAL
RESULTS

5.1 FEM RESULTS

5.1.1 Shear stresses on the bonded surfaces

The FE model was used to inspect the distribution of
shear stresses on the bonded surfaces. Figures 8a and 8b
show the shear stresses obtained for 7, = 1:1.5 for alterna-
tives A and B, respectively. It can be seen that the stresses
on alternative B (side bonding) are more evenly distributed
and reach lower maximum values than for the case of alter-
native A. Specifically, the stresses on alternative A reach
values about two times higher (see Fig. 9). In general, this
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Table 1: Elastic material stiffness properties used for the FEM

simulations

Ey" Ego Vi 13 G G

Material [MPa] [MPa] [-] [<] [MPa] [MPa]
cLTt? 11000 370 02 0.02 690 50
LVL? 12800 2000 02 0.02 430 43

D acc. to values in [6] for softwood boards strength class C24 as
indicated in [7]

2) acc. to values in [5, 21] (except vj)

" Eo: MOE parallel to fiber; Ego: MOE perpendicular to fiber
G: shear modulus; G,: rolling shear modulus; v, = vy3:

>

Poisson coefficient between the fiber direction and the other
two orthogonal directions; 1,3 Poisson coefficient between both
directions perpendicular to the fiber direction.

Shear stresses [MPa]
-0.2 -0.1 0.0 0.1 0.2
|

Shear stresses [M
-0.2 -0.1 0.0 0.1
|

Pa]
0.2

Figure 8: Shear stresses on the bondfaces for a ratio ro, = 1:1.5;
(a) Alternative A; (b) Alternative B

is an expected result, which is owed to the larger bond
surface of alternative B.

5.2 EXPERIMENTAL RESULTS

5.2.1 General behavior

The general behavior of the tested specimens can be
described with the help of Fig. 10a—c, where the load-
displacement curves corresponding to the averaged mea-
surements of front and back LVDT’s are presented. These
LVDT’s measure the relative vertical displacement between
GLT and LVL elements (see Fig. 6). The load-displacement
responses of the specimens of type A presented mostly
a perfectly linear behavior until the maximum load was
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Figure 9: Shear stresses along the longer dimension of the in-
clined bonded surface for both alternatives with ro, = 1:1.5
(applied load of 1 kKN)

Table 2: Maximum capacities reached by each specimen

Alternative A Alternative B

Ta [kN] [kN]
1:1 20.0 106.1
1:1.5 314 122.5
1:2 31.2 119.6

reached, followed by a very brittle failure. The exception
was Specimen A-1, which presented a clear stiffness reduc-
tion at about 10 kN, thereafter exhibiting a rather nonlinear
behavior. The global failure was characterized by the com-
plete de-bonding of the GLT from the LVL element (see
Figs. 11a—c).

The behavior of specimens of type B presented a clear
nonlinear behavior beyond about 40 % to 50 % of ultimate
capacity, then showing a progressively decreasing stiffness
for higher loads. The type of post-peak behavior varied for
each specimen, where Specimen B-1 (r,, = 1:1) presented
the most brittle behavior and Specimen B-3 (r, = 1:2)
showed an almost perfectly plastic behavior. Specimen B-
2 (ro = 1:1.5) lays in-between specimens B-1 and B-3
regarding the post-peak behavior.

Regarding the maximum capacities, Specimens B-2 and
B-3 present a similar level (¥ ~ 120kN), while Speci-
men B-1 showed a lower value of 7' = 106 kN. The max-
imum loads achieved by each specimen are summarized
in Table 2. In general, the specimens of type B reached
maximum capacities about four to five times larger than
specimens of type A. This is an expected results, as the
specimens of type B (bonded on the side-faces) not only
have a larger bond surface, but also present a more favor-
able bonding regarding the orientation of the fibers (in
type A the fibers are mostly bonded on the end-grain).

5.3 COMPARISON WITH FE RESULTS

The dashed lines in Fig. 10b represent the load-
displacement results obtained by the FE model. While
a good agreement can be observed for alternative A, the
calculated stiffness for alternative B is clearly underesti-
mating the experimental results. This discrepancy might

https://doi.org/10.52202/069179-0388
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Figure 10: Load-displacement curves and maximum capacities
with data from LVDT'’s measuring the relative vertical displace-
ment between GLT and LVL for the different investigated alterna-
tives A and B; (a) slope ro, = 1:1; (b) slope ro, = 1:1.5; (c) slope
ra=1:2

be explained by the simplification of the load application
in the model with respect to the actual load application, as
shown in Fig. 5. The numerical corroboration of this effect
was left out of this paper due to time constraints.

5.4 ACHIEVED QUALITY OF THE BONDFACES

The bondfaces of the three specimens corresponding
to alternative A can be seen in Fig. 11a—c. All surfaces
were fully detached immediately after reaching maximum
load, as can be suspected from the rather brittle behavior
observed. Based on the amount of fiber breakage present,
it can be stated that the quality of the bonding was rather
poor, as large regions with blunt failures can be seen. This
means that the relatively low maximum capacities obtained
by the specimens of type A are strongly influenced by the
difficulty associated to this kind of bonding.
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Figure 11: Bondfaces of specimens of type A after global failure;
(a) slope ro, = 1:1; (b) slope ro, = 1:1.5; (c) slope ro, = 1:2

6 DISCUSSION

6.1 SUITABILITY FOR THE LARGE DEMON-
STRATOR BUILDING

Although the connection of type B achieves clearly a
better performance than alternative A, the suitability of
both alternatives should be assessed based on the require-
ments for the connection in a real case-study. In this pa-
per, the “Large-Scale Construction Robotics Laboratory”
(LCRL)—a building set to apply the different research out-
puts from the IntCDC Cluster—is used as an example by
considering the maximum design loads at the position of
the column supports. According to the current state of the
design of this building, the column has to resist a maxi-
mum design shear force of 753 kN. Considering a total
of eight such web elements embedded in a radial pattern
around the LVL core element, it is clear that the experimen-
tal capacities from alternative A do not reach the needed
requirements for the connection. Therefore, alternative B
should be preferred in this case.

6.2 GEOMETRY ADJUSTMENTS

Having done the experiments and considering the clearly
better results obtained for alternative B, a logical next step
is to simplify the connection by removing the inclined
bondface altogether. Then, the web would have a typical
prismatic shape and would be embedded into the LVL core
by means of the same procedure used for alternative B.
Experiments to assess this idea are underway and their
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results will be used to plan a full sized prototype of the
slab system.

7 CONCLUSIONS AND OUTLOOK

This paper presented the current state of the slab system
developed within the IntCDC Cluster at the University of
Stuttgart. In particular, the connection of the shear web
elements to the LVL core was investigated by analyzing
different geometries and bonding strategies. Based on the
experimental and numerical results, as well as on the ex-
perience gained from manufacturing the tested specimens,
the following conclusions can be stated:

1. The bonding of the lateral faces (alternative B) de-
livered between four and five times larger maximum

capacities in the connection.

. Based on preliminary design loads for a planned
demonstrator building, the rather low capacities ex-
hibited by alternative A do not meet the requirements
for the intended use case, thus alternative B should
be preferred.

. The rather low capacities achieved by alternative A,
are due to an inferior bonding quality, as could be cor-
roborated in a post-mortem analysis of the specimens.

. The visualization of the shear stress distribution on
the bond faces by means of FE simulations revealed
rather uniformly distributed stresses for alternative B,
providing additional evidence for the better suitability
of side bonded faces for this application.

. Based on the experimental results, the geometry of the
connection will be simplified, removing the inclined
surface to increase the lateral bonding surface.
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