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Peikko’s ambition to start this research project:  
Assess the fire safety of DELTABEAM® in combination with 
prestressed hollow-core slabs to optimize the design concepts 
and to provide a safe and reliable solution for our customers.

INTRODUCTION
Fire safety in modern buildings has become one of the major concerns in 
the global construction business. With its DELTABEAM®, Peikko has not 
only aimed to provide a fast and efficient building solution for today’s 
construction needs, but also focused on the demanding requirements 
for fire situations in multi story buildings. DELTABEAM® is a slim floor 
composite beam that is integrated into the height of the slab (see Figure 
1). Its steel flanges support precast slab elements during assembly and 
the integrated fire reinforcement allows for an application without any 
additional fire protection. The national technical approvals have been 
obtained in various countries, fulfilling the local needs for fire resistance 
rating of 90 minutes or higher.

Prestressed hollow-core slab elements (HCS) are produced and designed 
according to the European harmonized standard EN 1168 within Europe 
and fulfill the requirements for at least 90 minutes fire resistance. Local 
additional design specifications may apply for the application of HCS in 
ambient temperature design and fire design.

Fire safety of slim floor structures consisting of DELTABEAM® 
composite beams and prestressed hollow-core slabs (HCS) has been 
investigated by Peikko in several previous fire tests. 

Peikko’s ambition to provide a faster, safer and more efficient 
way to design and build has been the basis for the sophisticated 
research project described in this paper to ensure safe and reliable 
solutions and guarantee reliability without surprises in the planning 
and execution phase to our customers.

With this research project, Peikko aimed at finding facts for optimizing 
design strategies about the following two specific design issues 
when combining DELTABEAM® with hollow-core slabs.

FIGURE 1 DELTABEAM® CROSS SECTION WITH HOLLOW-CORE SLABS
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INDIRECT SUPPORT IN FIRE CASE
The HCS are indirectly supported when the steel bottom flange of steel 
or composite beams (e.g. DELTABEAM®) is exposed to fire and therefore 
heated up to around 1000°C after 90 minutes of ISO fire exposure. At 
this high temperature, the unprotected steel material loses most of its 
strength and stiffness. Therefore, the direct support underneath the ends 
of the slab elements may not be maintained during a fire. 

Note: The word "indirect" used in this paper does not represent a slab 
hanging on its top flange. The steel bottom plate of the beam and the lower 
section of the inclined web provide a combined direct support underneath 
the slab, shifted towards the slab end, together with a compressive force 
supported against the end surface and the shear keys provided by the 
concrete grout. The simplification of the model shown in Figure 2 is based 
on the fact that the exact distribution and support of the compressive strut 
is not explained in detail.

For assessment of the indirect support, an existing design approach based 
on a strut-and-tie model has been applied (Figure 2). A straight horizontal 
reinforcement is placed through DELTABEAM® web holes and anchored 
in the joints and in opened voids of the HCS. This so-called transverse 
reinforcement ties the slab to the DELTABEAM® and ensures a proper 
support for the inclined concrete strut.

FLEXIBLE SUPPORT IN FIRE CASE
When HCS are supported on flexible supports (beams bending due to 
vertical loads from the slab), their vertical shear resistance at ambient 
temperature is reduced due to additional stress in the HCS webs (cf. 
Roggendorf [1], Borgogno [2] et. al.).

Will this effect called flexible support persist in fire situation?

In current approaches for verification of flexible support at ambient 
temperature (see Figure 3), the deflection of the beam supporting HCS is 
supposed to cause additional stress in the webs of HCS elements close to 
the beam support (edge slabs) caused by a forced displacement c2 of the 
top flange of the HCS element. This additional concrete stress reduces the 
uncracked vertical shear resistance of HCS.

FIGURE 3 IMPOSED DEFORMATIONS AND CONSTRAINING STRESS (FROM 
ROGGENDORF) [1]
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When exposed to fire, longitudinal cracks due to thermal expansion of 
the heated bottom flange will eventually develop in the slab elements, as 
could be observed in earlier fire tests (e.g. Borgogno [2]). This longitudinal 
cracking reduces the interaction between slab and beam and is assumed 
to release torsional stress arising from flexible support.

FIGURE 2 SIMPLIFIED LOAD TRANSFER MODEL FOR INDIRECT SUPPORT
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FIRE TESTS FOR ASSESSMENT OF BEAM-SLAB INTERACTION
A research project was started by Peikko in order to:

• Assess the indirect support in fire case of HCS on DELTABEAM®;
• Analyze the relevance of flexible support in fire case for HCS on 

DELTABEAM®; 
• Find out if a vertical shear utilization ratio of HCS of 100% of 

vRd,c,fi is possible (with vRd,c,fi= vertical shear resistance in fire 
case acc. EN 1168, Annex G)

For this purpose, an extensive fire testing program with 
• Single HCS unit loaded shear tests at elevated temperatures, and
• Full scale system fire tests with HCS supported on DELTABEAM®

was carried out. The tests were accompanied by associated theoretical 
analysis including FEA calculations.

SINGLE SLAB ELEMENT SHEAR TESTS
Based on the preliminary evaluation of the existing material, single slab 
loaded shear tests were planned and carried out in order to back up the 
assumptions listed in the preceding sections of this document (cf. [3]).  
The focus of these tests was to:

• Calibrate FE models for analyzing other cross sections of HCS;
• Check the maximum horizontal displacement under vertical 

loading in fire case; 
• Assess the ductility of HCS units after initial thermal and horizontal 

displacement induced cracking.

A set of five different slab cross sections was tested to compare the 
behavior of different slab geometries (amount and shape of voids, 
thickness of webs, thickness of top and bottom flange, prestress level, 
etc.). A combined loading with vertical shear forces and a horizontal 
forced displacement at elevated temperatures was applied.

Electrical heating mats on an upside down installation of the specimen 
were used to heat the HCS during an initial heating phase.

FIGURE 4 SETUP OF SINGLE UNIT SHEAR TESTS (FROM [4])

FIGURE 5 SETUP OF SMALL SCALE TESTS; A) HEATING MATS, INSULATION, AND SUPPORT STRUCTURE DURING ASSEMBLY; B) GLOBAL VIEW OF TEST SETUP

The slab elements were loaded in several steps and finally, 150% of their 
vertical shear resistance in fire case (VRd,c,fi acc. EN 1168) was applied 
without a failure at that stage. This load level is 50% more than required 
for fire design proof.
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Slabs loaded with 150% of their fire 
design vertical shear resistance

Figure 6 shows the measured reaction forces in vertical and horizontal 
direction during the four loading phases of one of the slab tests. When the 
first major longitudinal cracking with a significant drop of the horizontal 
reaction force occurred (end of phase II), the horizontal displacement 
reached a level around 4 to 8 mm in all 5 tests. This result points out that 
even a single slab element without additional reinforcement, concrete 
grout or constraint shows a high distortion capacity and sufficient 
ductility for flexible shear when thermal loading and vertical shear load 
are present.

The single unit slab tests were successfully carried out and the results 
exceeded our expectations:

• All slab types performed well and comparable under combined 
loading with vertical shear force, elevated temperatures, and 
forced horizontal displacement;

• High distortion capacity and ductility of tested HCS under 
combined loading;

• Horizontal displacement of top flange before failure was more 
than 5 mm for all slabs;

• All slabs resisted a vertical shear force of 150% of VRd,c,fi acc. 
Annex G of EN1168 even with the imposed horizontal distortion;

• Test results provide a good basis for the intended design 
approach and for extending this approach to all relevant slab 
cross sections in the market.
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(Note: The time axis represents the load and displacement application over time, not a fire exposure time) 

FIGURE 6 LOADING PHASES AND MEASURED REACTION FORCES OF SINGLE UNIT SHEAR TEST (A32V)

SLAB SYSTEM TESTS
A set of system fire tests (cf. [5], [6]) with a slab 
system consisting of two DELTABEAM® slim floor 
beams and HCS between them (see Figure 7) 
have been carried out.

Two different geometries of slab systems were 
prepared with slab and beam heights of 320mm 
and 200mm. The 320mm high specimen 
consisted of a D32-300 main beam and DW 
Systembau A32V 5-void HCS elements. The 
200mm high specimen was assembled with a 
D20-400 main beam and DW Systembau A20B 
7-void slabs. The DELTABEAM® at the opposite 
end provided limited flexibility in the slab 
support to limit initial torsional stress in the slab 
elements similar to real-life geometries. The 
DELTABEAM® span was 4,55 m and the slabs 
had a length of around 3,7 m. The slabs were 
connected to the DELTABEAM® with straight 
horizontal reinforcement.

A vertical line load was applied both on HCS 
and on DELTABEAM® before starting the fire 
exposure (Figure 7). The line load on the slabs 
reflected the vertical shear resistance VRd,c,fi of 
the applied HCS elements according to Annex 
G of EN 1168 and was kept constant throughout 
the whole test procedure. The line load on 
the main DELTABEAM® could be varied during 
the fire exposure time to follow a predefined 
estimated deflection.

In both tests, the utilization ratio for vertical 
shear resistance of the applied HCS was clearly 
above 100% of VRd,c,fi (see Table 1).

The fire exposure applied in the system fire tests 
followed the standard ISO 834 fire curve and 
was maintained for 100 minutes (200mm test) 
and >120 minutes (320mm test).

FIGURE 7 SECTIONS OF SYSTEM TEST SETUP (D32-300 WITH A32V)

FIGURE 8 – FIRE TEST SETUP DURING FIRE EXPOSURE
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TABLE 1 – DESIGN BENDING AND VERTICAL SHEAR RESISTANCES OF HCS (INCLUDING ADDITIONAL REINFORCEMENT)

Ambient temperature (design values) Fire situation (R90)

Height Slab type VRd,ct,I (uncracked)
[kN/m]

VRd,ct,II (cracked)
[kN/m]

VRd,c,fi (Annex G, EN1168)
[kN/m]

200mm DW Systembau A20B Imposed forces: VEd = 52.4 kN/m

Resistance 72.9 43.4 49.2

Utilization ratio 72% 121% 107%

320mm DW Systembau A32V Imposed forces: VEd = 73.7 kN/m

Resistance 127.9 86.3 72.5

Utilization ratio [-] 58% 85% 102%
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FIGURE 9 – LOAD AND DISPLACEMENT HISTORY OF 320 MM HIGH SLAB SYSTEM TEST – D32-300 WITH 
A32V; WS10: CENTER DELTABEAM® DEFLECTION; WS19: CENTER DEFLECTION IN LOAD AXIS ON HCS

Figure 9 shows the load and deflection of the 
320mm high loaded fire test. The load level 
was maintained above 100% of the vertical 
shear resistance of the HCS units for 90 minutes 
fire rating and was reduced after reaching 90 
minutes. The deflection of the DELTABEAM® is 
given with the curve “WS10” and the measured 
values showed excellent compliance with the 
estimated deflection of the beam obtained by 
finite element analysis (FEA).

The total measured DELTABEAM® deflection 
after 90 minutes reached 110 mm in this test 
which corresponds to a relative displacement 
of L/41 (142mm corresponding to L/32 was 
measured after 90 minutes and 150 mm 
respectively L/30 after 100 minutes in the 
200mm test). The calculated deflection 
considering only the imposed mechanical loads, 
without thermal deflection, was as high as 
65mm, corresponding to L/70. 
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The system fire tests were carried out successfully in proving that the indirect and flexible 
support of HCS on DELTABEAM® in fire case with different heights of slabs is safely 
maintained. 

• ISO 834 fire exposure of 100 and 120 minutes
• Vertical shear force applied on HCS at 100% of VRd,c,fi acc. to EN 1168, Annex G
• Tests were stopped after the given fire exposure time without a failure in load-

bearing resistance (criterion “R”), insulation (criterion “I”) or integrity (criterion “E”)
• Imposed vertical shear force on the slab was resisted by the HCS units and 

transferred safely to the DELTABEAM®
• The suggested design approach for indirect support of HCS on DELTABEAM® steel 

flanges in fire case can be safely applied

Slabs loaded with 100% 
of their fire design 
vertical shear resistance



SUMMARY
The test series carried out by Peikko was a full success and exceeded the 
expectations with respect to ductility of the slab behavior, load transfer 
from slab to DELTABEAM® and vertical shear resistance of the tested HCS 
in flexible support situation in fire case.

It could be shown that the suggested design approach applying straight 
horizontal tie reinforcement for indirect support of HCS on DELTABEAM® 
steel flanges and inclined webs in fire case can be safely applied.

For flexible support of HCS on DELTABEAM® in fire case, it could be shown 
that the vertical shear resistance of the tested HCS can be safely designed 
according to Annex G, EN 1168. No reduction of the design resistance due 
to flexible support is required.

The measured beam deflections in the system fire tests, including thermal 
deflection, were as high as L/30 and L/41. The test results and parallel FEA 
calculations support that the design approaches can be adopted for other 
HCS sections and heights available in the market.

Overall, the test series has 
confirmed that the combination  
of Peikko’s DELTABEAM® and  
prestressed hollow-core slabs 
provides a safe and reliable 
solution also in the event of fire.

With the results obtained from this test program, Peikko underlines its 
ambition to be a forerunner in the construction market.

It is noted that the test results and the design models are clearly 
depending on the geometry of the supporting DELTABEAM® cross section 
and its specific details like the inclined steel webs and round web holes 
with straight reinforcement for shear connection, designed according to 
the applied design models. The behavior of other types of beams, even 
with similar geometry, cannot be derived from the tests and the underlying 
research papers.
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A faster, safer, and more efficient 
way to design and build
Peikko is a leading global supplier of slim floor structures, wind energy 
applications and connection technology for precast and cast-in-situ. 
Peikko’s innovative solutions offer a faster, safer, and more efficient  
way to design and build.
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