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Abstract 

To clarify the interaction of shear and torsion in prestressed hollow core slabs, 15 load 
tests on single prestressed hollow core units were carried out. The slabs were 1.2 m in 
width, 7 m in length and either 200 or 400 mm in depth. The ends of the slabs were 
simply supported. In 13 tests the loads comprised one or two point loads close to 
support. In two tests there was a uniform transverse line load close to one support while 
the slab unit was twisted by eccentric loads at the ends. 

In ten tests the slabs were placed on neoprene strips with no end grouting. In these tests 
the transverse bending made the slab fail longitudinally first, which in most cases 
resulted in a lower resistance than that predicted using traditional design methods.  

In five tests the conditions were more realistic, i.e. the slab ends were grouted and 
stiffened by supporting beams or spreader beams above the slab ends. In these tests the 
observed resistances were of the same order or higher than those predicted using the 
conventional calculation methods. However, some observed stiffnesses and resistances 
deviated so much from the predicted results that the conventional calculation methods 
have to be evaluated by comparison with numerical methods. 
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Preface 

In 2002�2004, a European research project named HOLCOTORS was carried out. It 
aimed at providing numerical methods for analysis and simplified methods for design of 
prestressed hollow core floors subjected to shear and torsion. The calculation models 
were developed by Chalmers University of Technology, Sweden. The tests used for 
verification of the models were carried out and documented by VTT, Finland. The 
researchers in the involved research institutes were 

Helen Broo  Chalmers  
Björn Engström Chalmers 
Karin Lundgren Chalmers 
Matti Pajari  VTT 
Mario Plos  Chalmers. 

In addition to the researchers, the following representatives of the industrial partners 
participated in the work as members of the steering group and by participating in the 
workshops organised on the day before the steering group meetings:  

Olli Korander Consolis Technology, Finland, Chairman 
Arnold van Acker Belgium 
Willem Bekker Echo, Belgium 
David Fernandez-Ordonez Castelo, Spain 
Ronald Klein-Holte BVSH (VBI) The Netherlands  
Gösta Lindström Strängbetong, Sweden 
Aad van Paassen BVSH (VBI), The Netherlands 
Nordy Robbens Echo, Belgium 
Bart Thijs Echo, Belgium 
Jan de Wit IPHA (Dycore), The Netherlands  
Javier Zubia Castelo, Spain. 

Gösta Lindström also worked in close co-operation with the researchers, participated in 
extra workshops between the steering group meetings and made proposals for the future 
design practice.  

The experimental part of the research project, a part of which is documented in this 
report, was financed by the Fifth Framework Programme of European Commission 
(Competitive and Sustainable Growth, Contract Nº G6RD-CT-2001-00641); Inter-
national Prestressed Hollow Core Association, Bundesverband Spannbeton-Hohlplatten, 
Castelo, Consolis, Echo, Strängbetong, and VTT. The test specimens were provided by 
Parma Betonila, Finland. 
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1. Introduction 

The tests documented in this report were planned to clarify the effect of combined shear 
and torsion on the resistance of an isolated, prestressed hollow core unit. Tests without 
torsion were also carried out for reference. Pure bending failure modes were eliminated 
by placing the load close to the support. 
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2. Test arrangements 

In all figures of this report the measures are given in millimetres unless otherwise 
specified. Photographs about test arrangements are shown in Appendices A and B. 
Names of type STabcXYZ, STSabcXYZ or SFabcX are used for different tests and test 
specimens. The symbols in the names have the following meaning: 

ST Shear Tension, extruded slab 
STS Shear Tension, slipformed slab 
SF Shear Flexure, extruded slab 
200 or 400 Thickness of slab in millimetres 
C Centric load 
E Eccentric load 
M Mortar bearing with grouted ends 
G Grouted ends supported on wood fibre strips. 

Other characters are used to make difference between different tests when the characters 
above are not enough for unique identification.  

2.1 Characteristics of hollow core slabs 

Some characteristics of the test specimens are given in Table 1. The nominal cross-
section of the slab units is given in Figs 1�3 and the measured geometry in Appendix C. 
For the shape of the hollow cores see also Figs 79�81. 

102 131 187.6 187.6 187.6 187.6 187.6 131
14
16
18
71
38
43

155

20

25
102.5

97.5

1200

9

c=30
52 172.8 187.6 187.6 187.6 187.6 172.8 52

Chamfer 10x10

 
Fig. 1.  Nominal cross-section and location of strands in test specimens ST200. c refers 
to concrete cover below the strand. 
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Table 1.  Characteristics of test specimens. 

Test 
specimen 

Thickness 
mm 

Number & 
diameter of 

strands 
mm 

Initial  
prestress 

MPa 

Length 
mm 

Cast 
 

Loaded 
 

ST200C 200 7 d 12.5 900 7060 25.6.02 20.8.02
ST200E1a 200 7 d 12.5 900 7060 25.6.02 20.8.02
ST200E1b 200 7 d 12.5 900 7060 25.6.02 21.8.02
ST200E2 200 7 d 12.5 900 7060 25.6.02 21.8.02
ST200E1M 200 7 d 12.5 900 7060 25.6.02 5.6.03
ST200E2M 200 7 d 12.5 900 7060 10.10.03 2.12.03
STS200C 200 8 d 12.5 

+ 6 d 6* 
900 
700 

7060 16.7.02 22.8.02

STS200E1 200 8 d 12.5 
+ 6 d 6* 

900 
700 

7060 16.7.02 22.8.02

ST400C1 400 11 d 12.5 1000 7080 26.6.02 26.8.02
ST400C2 400 11 d 12.5 1000 7080 26.6.02 27.8.02
ST400E1 400 11 d 12.5 1000 7080 26.6.02 27.8.02
ST4002E 400 11 d 12.5 1000 7080 26.6.02 28.8.02
ST400E1M 400 11 d 12.5 1000 7080 26.6.02 18.10.02
ST400G1 400 11 d 12.5 1000 7080 26.6.02 19.8.03
ST400G2 400 11 d 12.5 1000 7080 26.6.02 19.8.03
SF400C 400 11 d 12.5 1000 7080 26.6.02 29.8.02
* Upper tendons, smooth prestressing wires 

 

1200

129 157 157 157

130

35

35

200 115 42 42115 R120 R59

39

 

Fig. 2.  Nominal cross-section and location of strands (lower tendons) and wires (upper 
tendons) in test specimens STS200. The vertical position of tendons was not specified in 
the drawings. The measured distance of lower and upper tendons from bottom and top 
fibre was 50 and 30 mm, respectively. For the hollow cores, see also Fig. 80. 
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Fig. 3.  Nominal cross-section and location of strands in test specimens ST400. c refers 
to concrete cover below the strand. For the hollow cores, see also Fig. 81. 

2.2 Shear tension tests on slabs supported on neoprene 

Ten tests of the type illustrated in Fig. 4 were carried out. There were one or two point 
loads on the webs of a slab unit. The loading was either centric or eccentric with respect 
to the longitudinal centroidal axis of the slab.  

The support conditions and loading arrangements are presented in Figs 5�9. The loaded 
end of the slab is called active end, the opposite end is passive end. 
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P
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b) 

Fig. 4.  General view on loading arrangements with eccentricity e. a) One point load on 
slab unit. b) Two point loads on slab unit. 
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Fig. 5.  Side view. Sections A�A, B�B, C�C and D�D are shown in Figs 6�10 and 12.  
d = 100 mm and 200 mm and bs = 60 mm and 80 mm for 200 mm slabs and 400 mm 
slabs, respectively. For the properties of the neoprene, see App. I. 
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a = 500 for 200 mm slabs
   = 1000 for 400 mm slabs d

5  ,  6    (other tests)

11

12

13

1

560 and so on, over each web

3

4

560

2

d

5  ,  6    (tests ST200C, ST200E1)

CL

 

Fig. 6.  Plan (section C�C in Fig. 5).  d = 100 mm and 200 mm for 200 mm slabs and 
400 mm slabs, respectively. 
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c) 

 
Fig. 7.  Section A�A, see Fig. 5. a) Test ST200E1a and ST200E1b. b) Test ST200E2.  
c) Test ST200C. e is given in Table 3 in Section 4.3.1. 
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b) 

 
Fig. 8.  Section A�A, see Fig. 5. a) Test STS200E1. b) Test STS200C. e is given in Table 
3 in Section 4.3.1. 
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Steel plate
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CL  
c) 

P

CL  
d) 

Fig. 9.  Section A�A, see Fig. 5. a) Test ST400E1. b) Test ST400C1. c) Test ST4002E. d) 
Test ST400C2. e is given in Table 5 in Section 4.4.2. 

Deflection was measured by inductive transducers placed vertically on the corners of 
the slab and on a transverse line above each web next to the load. See Fig. 10 for the 
location of the transducers. 
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Horizontal transducers 5 and 6 measured the possible transverse shear deformation in 
transverse direction close to the load. They were fixed to a steel bar, which was simply 
supported on an edge and centre line of the slab. 

Slippage of strands relative to the concrete was measured at the active end by horizontal 
transducers as shown in Fig. 10. Since the transducers were fixed to the concrete at the 
active end, they gave unreliable or misleading results after cracking of the slab end.  

1715141211
Det CDet A Det B

13 16
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140

188 188 188188188 188

a) 

1715141211
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Det C Det ADet B
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140

 
b) 

 

1816
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6
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157
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157 157 157 157 1577979

40

140

1412 1311
Det B Det ADet C

c) 

101112
Det C Det ADet B

9 8

6

7
40

340

CL

283 283 283 283

 
d) 

Fig. 10.  Section B�B, see Fig. 5.  a) Tests ST200C and ST200E1a. b) Tests ST200E1b 
and ST200E2. c) Tests STS200. d) Tests ST400. For Det A, B and C see Fig. 11. 

Det C Det B Det A

Hinged barNo contact
between bar
and cube

Bar simply 
supported

 

Fig. 11.  Det A, Det B and Det C, see Fig. 10. The steel bar is in a hole in plastic cube. 
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21222324252627  
a) 

21222328 24252627  
b) 

21222331 24252627282930  
c) 

Fig. 12.  Section D�D, see Fig. 5. Numbering of transducers for measuring bond 
slippage. a) Tests ST200. b) Tests STS200. c) Tests ST400. 

At the active end the slab was placed on a support, free to rotate around an axis parallel 
to the slab, see Fig. 13. After this, the rotation (twisting of slab) was prevented by two 
wedges. In this way, a stress-free fitting of the test specimen with the supports was 
accomplished despite the possible spirality of the slab. 

Axis
WedgeWedge

 
 

Fig. 13.  Support at active end. 

2.3 Shear tension tests on slabs with grouted ends on mortar 
bearing 

After the pilot floor tests PF400 [6], a 400 mm slab, taken from the same casting bed as 
the slabs in test PF400, was placed on the concrete beams used in the floor test, 
reinforced and grouted in the same way as the slabs in the floor test. Tie beams, similar 
to those in the floor test, were reinforced and grouted. This means that the slabs were 
placed on small plywood pads and the space between the soffit of the slab end and the 
top surface of the beam was filled with grout. Thereafter a shear tension test ST400E1M 
similar to the test ST400E1 was carried out.  
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Later on a test ST200E1M with similar loading as in test ST200E1 was performed. 
Finally a test on a single slab, called ST200E2M, was carried out with similar support 
conditions as in floor tests FT200 and with similar loads as in floor test FT200:11. The 
arrangements for these tests are illustrated in Figs 14�20. In addition to different 
measurements and the greater eccentricity in test ST200E2M, the support conditions 
make the only essential difference in relation to tests ST400E1 and ST200E1. In all tests 
the supporting beams were placed on the concrete floor of the laboratory without any 
grout or mechanical fixing. A detailed description of their design is given in App. H. 

 

P
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P
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ST200E1M 

P

e
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Fig. 14.  Overview on arrangements. 
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Fig. 15. Elevation. 
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ST400E1M 
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30x50x80
under webs,
2 pc./s lab end

100

50
0

 

ST200E1M & ST200E2M 

Fig. 16.  Arrangements at support. The target grade of the grout was K30. The nominal 
yield strength of the reinforcing steel was 500 MPa. L0 = 1300 and 1500 mm for 
ST200E1M and ST200E2M, respectively. 
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Fig. 17.  ST400E1M, plan. Numbering and location of transducers. For section E�E see 
Fig. 18. 
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Fig. 18.  ST400E1M. Section E�E, see Fig. 17. For Det A, DetB and Det C see Fig. 11. 

The load in test ST400E1M was applied at one point as shown in Fig. 9.a. 
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Fig. 19.  ST200E1M, plan. Location and numbering of transducers. For sections J�J 
and F�F see Fig. 20. For section G�G see Fig. 7.c. 
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Fig. 20.  ST200E1M. Sections of Fig. 19. a) J�J. b) F�F. 
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Fig 21.  ST200E2M. Arrangements. Plan. For sections H�H, K�K, F�F, L�L and M�M 
see Figs. 22�24. 
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Fig. 22.  ST200E2M. Sections H�H and K�K, see Fig. 21. 
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Fig. 23.  ST200E2M. Sections F�F and L�L, see Fig. 21. 
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Fig. 24.  ST200E2M, section M�M in Fig. 21. Vertical position of horizontal transducers 
measuring the displacements of the beams. 

2.4 Shear tension tests on slabs with grouted ends 
on soft bearing 

The slabs in these tests belonged to the same casting lot as those in previous tests 
ST400. The ends of the slab units were grouted with concrete K30 as shown in Fig. 1. 
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Fig. 25.  ST400G. End grouting and reinforcement. 

An overview on the loading arrangements is given in Fig. 2. The whole slab was 
subjected to a constant torque maintained by P1 at the tilted end at which the twist of the 
slab end was free. Fig. 27 illustrates the possible failure modes. The eccentricity of P1 at 
the tilted end, the span of the slab and the shear span of P1 at the sheared end were 
chosen to eliminate failure modes other than the web failure. The balancing force P2 
was arranged by an auxiliary beam and by a force = P1 as illustrated in App. B, Figs 46 
and 47. With these arrangements P2 was ≈ 1.14P1 + 3.0 kN. With the eccentricity of 
0.15 m, P2 was great enough to prevent the rigid body rotation of the slab due to torque 
P1 x (0.2 m) at the tilted end. 
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  end 

Sheared
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Fig. 26. ST400G. Overview on test arrangements. 
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Fig. 27.  ST400G. Possible failure modes. 
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Fig. 28.  ST400G, plan. Location of loads and vertical transducers 11�37. 
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Fig.  29.  ST400G. Location of transducers 11�37. 
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Fig. 30.  ST400G. Arrangements at supports. For Det D and spreader beam see Figs 
31�32 and 33, respectively. 
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Fig. 31.  ST400G. Detail of support, tilted end. See also Fig. 32. 
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Fig. 32.  ST400G. Illustration of bearing at tilted end. 
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Fig. 33.  ST400G. Spreader beam made of steel. Length = 1.2 m. 
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Fig. 34.  ST400G. Section N�N. 
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Fig. 35.  ST400G. Section O�O. 

2.5 Shear flexure test 

In this test, the aim was to investigate flexural shear failure. However, the actual failure 
mode was shear tension failure. Therefore, the planned test with similar but 
eccentrically located loading was cancelled. Fig. 36 illustrates the test layout. More data 
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about test arrangements are given in Fig. 37 and in photographs 28�35, App. B. Fig. 9.a 
shows how the interface between the actuator and the slab surface was arranged. The 
support conditions were the same as those for test ST400C.  
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Fig. 36.  Overview on test layout. 
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Fig. 37.  Plan indicating the location of loads (black squares) and transducers for 
measuring deflections (black circles). 
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3. Material data given by the manufacturer 
of slabs 

Table 2.  Data given by the manufacturer. 

 ST200E2M ST200 
(Except 

ST200E2M)

ST400 
SF400 

STS200 

Concrete K60 K60 K60 K55 
Cement  CEM I  

52,5 R 
CEM I  
52,5 R 

CEM I  
52,5 R 

CEM I  
52,5 R 

Cement kg/m3 245 240 270 310 
Water  l/m3+ 120 130 145 141 
Maximum aggregate size # [mm] 13 12 16 16 
Number of aggregates 3 3 4 3 
Lower strands (smooth wires): 
- strength [MPa] 
- 0.2% yield strength [MPa] 
- initial prestress [MPa] 

 
1860 
1640 
900 

 
1860 
1640 
900 

 
1860 
1640 
1000 

 
1770 
1570 
900 

Upper wires (smooth): 
- strength 
- 0.2% yield strength [MPa] 
- initial prestress [MPa] 

 
- 

 
- 

 
- 

 
1770 
1570 
700 
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4. Results of load tests 

4.1 About loading  

The tests were carried out by controlling the elongation of one actuator. When more than 
one actuator was used, the actuator with the greatest expected elongation was chosen. 
Attempts were made to keep the rate of elongation piecewise as constant as possible.  

4.2 Notation and some basic formulae 

In tests ST400G1 and ST400G the torque over the whole slab is given by (P1 + Peq)e = 
F1e where Peq is the eccentric load due to the loading equipment at the tilted end. In 
other tests with eccentric load the different rotation at different slab ends shall be taken 
into account. This can be done as follows. 

Fig. 38 illustrates a beam simulating the slab in a shear-torsion test with almost non-
rotating supports.  

e

P

a

L-a

b
x

Positive sense of M  : 

φ

t

 
 

Fig. 38.  Twisted member. Rotation φ is measured at x = 0, x = b and x = L. 

The interdependence of the torque Mt and relative angle of twist θ  is generally given by 

 ΘGIM tt =  (1) 

where G = 0.5E/(1+ν) and It denote the shear modulus and torsion modulus, respectively. 
E denotes the elasticity modulus and ν = 0.15 Poisson's ratio. θ is defined by 
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dx
dφθ =  (2) 

where φ denotes the angle of twist, later also called rotation, and x is the coordinate 
measured along the axis of the twisted member.  

Before cracking, θ and Mt can be considered constant between the load and a support, 
but they are discontinuous at the loaded cross-section x = a. Since a was shorter than L-
a and the supports could not completely prevent twisting, φ(0) tended to be greater than 
φ(L). Therefore, the different rotations at the ends have to be taken into account when 
calculating the torque. How to do this is shown in App. G. The result is 

00
, φφφφφφ −

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

−
−
−

+
aaaL

at
aPeaaLM  (3) 

and 
PeMM atat += +− ,,   (4) 

 
where φ0 = φ(0), φa = φ(a) and φL = φ(L). Mt,a- and Mt,a+ denote the torque for x < a and 
x > a, respectively. φa = is obtained from 

 ( )LbLa bL
aL φφφφ −

−
−

+=  (5) 

 
where φb = φ(b). φb is calculated from the displacements measured by the outermost 
transducers at cross-section x = b. If φ0 = φL,  

L
aPeM at −=+,  (6) 

and   

L
aLPeM at

−
=−,  (7) 

are obtained. After cracking of the active end, Mt,a+ can be calculated from Eq. 1 if the 
part x > b is still uncracked and (GIt) is known. The relative angle of twist between x = 
b and x = L is then obtained from 

bL
bL

−
−

=
φφθ  (8) 

In the following, P means actuator load, F the load on the slab due to the actuator load 
and the weight of the loading equipment used to spread P over the slab. In other words 
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eqPPF +=  (9) 

where Peq is the weight of the loading equipment. 

4.3 Shear tension tests on 200 mm slabs 

4.3.1 Rate of loading and observations during tests 

The rate of loading is given in Fig. 39. Load in all figures refers to actuator load P. 
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Fig. 39.  Rate of loading for 200 mm slabs with horizontal supports. 

Photographs about the tests are shown in Appendix A. The measured loads and 
displacements are given graphically in Appendix D. The ultimate loads and 
observations made during the tests are summarized in Table 3.  
 
When comparing the results of tests STS200C and STS200E1 it seems that with 
increasing eccentricity the resistance slightly increases. This may be due to the thick 
outer webs of the slab cross-section, one of which was more effectively mobilised in the 
eccentric test STS200E1 (t = 65 mm and 40 mm for the outermost and other webs, 
respectively).  
 
In tests on other slab types the resistance clearly decreased with increasing eccentricity 
as expected. 
 
In all tests except ST200E1M the observed resistance was considerably lower than that 
typical of tests with uniformly distributed transverse line load. This was the case not 
only with eccentric loads but also with centric loads.  
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Table 3.  Failure load Fmax = Pmax + Peq (Peq is the weight of loading equipment), its 
eccentricity e and description of response. The webs and voids are numbered starting 
from the right. The slabs are extruded unless otherwise specified. Peq = 0.5 kN in test 
ST200E2M. In all other tests Peq = 0.4 kN.  

 Fmax  
kN 

e 
mm 

Description 

ST200C 

 
 

 

135.6 0 At P = 124 kN: a vertical crack above and below 2nd 
void.These cracks increased in width and length. P 
came down to 112 kN. When reloading, the tips of the 
longitudinal cracks had passed the loads at 115 kN. At 
135 kN new longitudinal cracks appeared close to the 
existing cracks above and below the same void. At the 
same time webs 3�6 failed in shear tension. Webs 1, 2 
and 7 remained intact. See App. A, Figs 1�9. 

ST200E1a 

 

100.4 187 At 100 kN: a crack in the bottom corner on the right, 
load to 95 kN, then load increased a bit, at 96 kN: a 
diagonal crack in 1st web and 2nd�4th web failed in 
shear tension. See App. A, Figs 10�14.  

ST200E1b 

 

98.4 187 At 90 kN: a longitudinal crack above the 1st void, a 
diagonal crack in 1st web, at 98 kN: a diagonal crack in 
the 2nd, 3rd and 4th web (shear tension failure. See App. 
A, Figs 15�19. 

ST200E2 

 
 

64.4 384 At 45 kN: diagonal shear crack in 1st web, longitudinal 
crack above 1st void, the right corner was cut off, at 58 
kN: a longitudinal crack in 1st web, at 64 kN: 2nd web 
failed in shear tension, the element started to rotate 
around the 3rd web. See App. A, Figs 20�24. 

ST200E1M 

 
Cast ends 

156.3 187 At P = 155.9: a diagonal shear crack in 1st�4th web and 
a longitudinal crack above and below 4th void. See 
App. A, Figs. 37�47. 

ST200E2M 

 
Grouted ends 

133.5 384 At P = 123 kN: a flexural crack below the loads, at 
127 kN: diagonal cracks on the top surface close to the 
support, at 133 kN: a punching failure accompanied by 
diagonal cracks both on the top and bottom surface in 
the shear span. See App. A, Figs 48�59. 

STS200C 
Slip formed 

 

125.4 0 At 125 kN: a transverse flexural crack below the load, 
load reduced and increased until at 117 kN: crack 
along strand below 7th web and 3rd-7th web failed in 
shear tension. See App. A, Figs 25�30. 

STS200E1 
Slip formed 

 
 

129.4 314 At 113 kN: a transverse flexural crack below the load, 
at 129 kN: shear cracks in 2nd and 3rd web, soffit 
cracked in transverse direction under these webs close 
to support, at 108 kN: shear crack in 1st, 4th and 5th 
web, a longitudinal crack above 5th void. See App. A, 
Figs 31�36. 
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4.3.2 Deflections 

The measured deflection depicted in Figs 40�49 reflects the nonuniform load-sharing in 
transverse direction. The lowest (highest) load and smallest (greatest) deflection in Figs 
40�49 correspond to uncracked (almost failed) slab.  
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Fig. 40.  ST200C. Deflection next to load, measured by transducers 11�17. 
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Fig. 41.  ST200E1a. Deflection next to load, measured by transducers 11�17. 
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Fig. 42.  ST200E2. Deflection next to load, measured by transducers 11�17. 
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Fig. 43.  ST200E1b. Deflection next to load, measured by transducers 11�17. 
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Fig. 44.  ST200E1M. Deflection next to load, measured by transducers 11�17. 
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Fig. 45.  ST200E1M. Deflection next to load, measured by transducers 11�17. 
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Fig 46.  ST200E2M. Deflection next to load, measured by transducers 41�47. 
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Fig 47.  ST200E2M. Settling of support at active end measured by transducers 41�47. 
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Fig. 48.  STS200C. Deflection next to load, measured by transducers 11�18. 
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Fig. 49.  STS200E1. Deflection next to load, measured by transducers 11�18. 

4.3.3 Shear resistance and torsional stiffness  

In Figs 50 and 51 the torsional response of the eccentrically loaded specimens is 
compared with the average response obtained from previous pure torsion tests [5] and 
denoted by PT200. The zone b < x < L, see Fig. 38, is considered from start until 
cracking of this zone. The torque in Figs 50 and 51 is calculated from Eqs 3�5 until 
cracking of the active end, and after cracking from Eqs 1 and 2 where GIt equal to the 
secant torsional stiffness value obtained before cracking is used. The values of GIt used 
in this stage as well as loads they correspond to are given in Table 4.  

The curve for ST200E2 includes negative torque values and strong vibrations at the 
beginning. Arithmetically this is explained by the fact that rotation φ0 was very close to 
φb and in some measurements even greater than φb. Physically this should not be 
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possible. On the other hand, the curve is later parallel to the other curves. No 
explanation for this behaviour could be detected. The vibrations in the curve for tests 
ST200E1M were pronounced. No explanation for the difference between identical tests 
ST200E1a and ST200E1b could be found, either.  
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Fig. 50.  Torque-θ  relationship for excentrically loaded 200 mm slabs. Passive end. 
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Fig. 51.  Torque-θ  relationship for excentrically loaded 200 mm slabs. Passive end. 

 

In Fig. 52 the initial part of the real torque-θ curves for the pure torsion tests are 
compared with the curves for other tests. The slope of the pure torsion curves seems to 
be of the same order as in the other curves, but they do not behave logically at the 
origin. 
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Fig. 52.  Torque-θ  relationship for excentrically loaded 200 mm slabs (passive end) 
including initial part from pure torsion tests PT200A and PT200B. 

Table 4.  Load corresponding to first cracking Fcrack, failure load Fobs, shear force 
(support reaction) at failure Vobs, F for calculating GIt and GIt for calculating Mt.  

 Fcrack 
kN 

Fobs 
kN 

Vobs 
kN 

F for GIt 
kN 

GIt 
MNm2 

ST200C 135.6 135.6 135.8 - - 
ST200E1a 100.4 100.4 103.0 - - 
ST200E1b 90.5 98.5

92.5
100.9
95.7

90.5 
90.5 

27.13 
27.13 

ST200E1M 155.3 155.3 154.6 - - 
ST200E2 45.1 64.4 69.6 44.6 25.82 
ST200E2M 126.5 133.5 128.0 123.5 25.39 
STS200C 125.5 125.5 126.3 - - 
STS200E1 113.5 129.4 130.0 112.5 37.05 

 

4.3.4 Horizontal displacements 

Fig. 27 in App. D illustrates the measured horizontal displacements of the supporting 
beams in test ST200E1M. A positive displacement means that the beam is moving 
inwards (towards the inner edge of the beam), a negative displacement means that the 
beam is moving outwards. The displacements at the passive end are negative and those 
at the active end positive. As the absolute value of the negative displacement is greater 
than the positive one, the lower flange of the slab is getting longer as it should when the 
slab is subjected to vertical loading.  



 

 39 

At first load steps there is no horizontal displacement at the active supports while the 
passive end moves outwards from the very beginning. At P = 40 kN the beam at the 
active support starts to move inwards. This may seem strange but can be explained, see 
report [6], 4.4.5. The horizontal parts in the curves might be attributable to sliding of 
beams along the floor, other parts could be attributable to tilting of the beams due to 
elongation of the bottom flange of the slab and support reaction of the slab.  

Fig. 53  shows the elongation of the mutual distance of the supporting beams calculated 
from displacements measured by transducers 7�10. The curves look regular and show 
the same strain softening behaviour as the deflections shown in Figs 28 and 29 of App. 
D. Since the slab was uncracked in the early stage of the loading, the supporting beams 
must have provided an efficient horizontal restraint in this stage. In the later stage close 
to the failure the restraint played a minor role. 

The horizontal displacements in test ST200E2M measured by transducers 11�18 are 
shown in App. D, Figs 32�33. They are also illustrated in Figs 54�57 at five load levels. 
All measurements show that the active support was tilted inwards and the passive 
support outwards. In addition, there was sliding at both ends, particularly at the passive 
end, but at the active end it only occurred at the non-loaded side and was much weaker 
than at the passive end. This is easily explained byt the fact that the horizontal axial 
force in the slab was the same at both ends but due to the higher vertical force, the 
friction force at the active end was higher than that at the passive end.  
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Fig. 53.  ST200E1M. Elongation of mutual distance of beams measured by transducers 
7�10. 
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Fig. 54. ST200E2M. Horizontal displacement of beam at active end at loads P1 = 30�133 kN. 
Transducers 11�12. 
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Fig. 55. ST200E2M. Horizontal displacement of beam at active end at loads P1 = 30�133 kN. 
Transducers 13�14. 
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Fig. 56. ST200E2M. Horizontal displacement of beam at passive end at loads P1 = 30�133 kN. 
Transducers 15�16. 
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Fig. 57.  ST200E2M. Horizontal displacement of beam at passive end at loads  
P1 = 30�133 kN. Transducers 17�18. 

Fig. 58 shows how the mutual distance of the supporting beam varied with load P1.  

Fig. 59 illustrates the load-rotation relationship for all 200 mm slabs. Here the rotation 
means the difference φb�φ0.(a) or φb�φL (b). It should be noted that the shear span and 
the place where φb was measured were not the same in all tests. In the centrally loaded 
slab ST200C the rotation in Fig. 59.a is considerable when compared with the rotation 
observed in excentrically loaded slabs. This is obviously attributable to some 
unsymmetry in the slabs which resulted in differences in settlement of the active 
support, see App. D, Fig.1.  
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Fig. 58.  ST200E2M. Elongation of mutual distance between supporting beams 
measured by transducers 11�18. 
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Fig. 59.  Load-rotation relationship for all 200 mm tests. a) Rotation = φb�φ0.  
b) Rotation = φb�φL. 

4.4 Shear tension tests on 400 mm slabs with parallel supports 

4.4.1 About initial cracks 

Before loading, a longitudinal crack in the concrete was observed above one of the 
outermost hollow cores at each end of each 400 mm slab unit. The reasons for such a 
cracking are discussed in report [5], Chapter 6. These initial cracks were typically 300�
500 mm in length and 0,2 mm in thickness. They can be seen in App. B, Figs 5, 14, 20, 
and 43. In all tests on 400 mm slabs with eccentric load the load was placed on the 
opposite side of the initial crack. In these tests the initial crack remained unchanged and 
obviously had no effect on the failure load. For centric loads such an arrangement was 
not possible. Consequently, in tests ST400C1 and ST400C2 the initial crack grew in 
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length with increasing load, was part of the failure crack and may have reduced the 
observed resistance of the slab end. 

4.4.2 Rate of loading and observations during tests 

The rate of loading is given in Fig. 60. Photographs about tests are shown in App. B, 
Figs 1�27 and 36�43. The measured loads and displacements are given graphically in 
App. E. The ultimate loads and observations made during the tests are summarized in 
Table 5.  
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Fig. 60.  Rate of loading for 400 mm slabs. 

In all tests the observed resistance was considerably lower than that typical of tests with 
uniformly distributed transverse line load. This was the case not only with eccentric 
loads but also with centric concentrated loads.  
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Table 5.  Failure load Fmax = Pmax + Peq (Peq is the weight of loading equipment), its 
eccentricity e and description of response. The webs and voids are numbered starting 
from the right. Peq =0.8 kN for tests ST400C2 and ST4002E. For other tests Peq = 0.3 
kN.  

 Fmax 
kN 

e 
mm 

Description 

ST400C1 

 
 

258.3 0 At P = 218 kN: a longitudinal crack below 1st void and 
inclined shear crack in 1st web, at 226 kN: a 
longitudinal crack above 1st void, at 247 kN: a 
longitudinal crack along strand below 3rd web, at 258 
kN longitudinal crack above and below 3rd void, 
inclined shear crack in 2nd and 3rd web. See App. B, 
Figs 1�6. 

ST400C2 

 

272.8 0 At 195 kN: a longitudinal crack below 3rd void and 4th 
web, inclined shear crack in 5th web, at 250 kN: a 
longitudinal crack above 4th void, at 272 kN: inclined 
shear cracks in 1st�4th web. See App. B, Figs 7�14. 

ST400E1 

 
Grouted ends 

166.3 283 At 148 kN: longitudinal cracks above and below 1st 
void and along a strand below 2nd web, an inclined 
shear crack in 1st web, at 166 kN: inclined shear cracks 
in 2nd and 3rd web, longitudinal cracks above 2nd and 
3rd void, soffit cracked transversely below 1st�3rd web. 
See App. B, Figs 15�21.  

ST4002E 

 
 

161.0 283 At 136 kN: a longitudinal crack above and below 1st 
void, inclined shear crack in 1st web, at 128 kN: an 
additional longitudinal crack above 1st void, at 160 kN: 
inclined shear crack in 2nd web and longitudinal crack 
above 2nd void, later strong reduction in load and 
rotation of the slab end around 3rd web. See App. B, 
Figs 22�27. 

ST400E1M 

 
Grouted ends 

264.8 283 At 265 kN: a sudden shear failure in the webs and a 
longitudinal crack in the soffit below the load, a drop 
to 218 kN, an increase to 228 kN, followed by almost 
monotonous decrease of load and additional cracking. 
See App. B, Figs 36�43. 

 

4.4.3 Deflections 

The measured deflections depicted in Figs 61�65 reflect the nonuniform load-sharing in 
transverse direction. The lowest (highest) load and smallest (greatest) deflection in Figs 
61�65 correspond to uncracked (almost failed) slab. 
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Fig. 61.  ST400C1. Deflection next to load, measured by transducers 11�15. 
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Fig. 62.  ST400C2. Deflection next to load, measured by transducers 11�15. 
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Fig. 63.  ST400E1. Deflection next to load, measured by transducers 11�15. 
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Fig. 64.  ST4002E. Deflection next to load, measured by transducers 11�15. 
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Fig. 65.  ST400E1M. Deflection next to load, measured by transducers 8�12. 

4.4.4 Shear resistance and torsional stiffness 

In Fig. 66 the torsional response of the eccentrically loaded specimens is shown and in 
Fig. 72 and 73 compared with that obtained from previous pure torsion tests [5]. The 
zone b < x < L, see Fig. 38, is considered from start until cracking. The torque in Figs 
66 and 72�73 is calculated from Eqs 3�5 until cracking of active end, and after cracking 
from Eqs 1 and 2 where GIt equal to a typical secant torsional stiffness value obtained 
before cracking is used. The values of GIt used in this stage, and loads they correspond 
to, are given in Table 6. The curves, especially that of test ST4002E show somewhat 
softer behaviour than the curve representing pure torsion tests.  

Fig. 67 shows the load-rotation relationship for all 400 mm slabs with parallel supports. 
Here the rotation means the difference φb�φ0, see Fig. 38. In centrally loaded slabs the 
rotation is small when compared with the rotation observed in excentrically loaded 
slabs. Before cracking the differences in eccentrically loaded slabs are small. 
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Table 6.  Load corresponding to first cracking Fcrack, failure load Fobs, shear force at 
support at failure Vobs, F for calculating GIt and GIt for calculating Mt,obs.  

 Fcrack 
kN 

Fmax 
kN 

Vobs 
kN 

F for GIt 
kN 

GIt 
MNm2 

ST400C1 218.5 258.3 407.2 - - 
ST400C2 196.1 272.8 402.2 - - 
ST400E1 147.5 166.3 257.2 147.5 114.9 
ST4002E 136.0 161.0 254.7 70.9 100.2 
ST400E1M 264.8 264.8 280.6 - - 
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Fig. 66.  Torque-θ  relationship for eccentrically loaded 400 mm slabs. 
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Fig. 67.  Load-rotation relationship for 400 mm slabs. 
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4.5 Tests ST400G 

4.5.1 About initial cracks 

Before loading, a longitudinal crack in the concrete was observed above one of the 
outermost hollow cores at both ends of both 400 mm slab units. The reasons for such a 
cracking are discussed in [5]. These initial cracks were typically 300�500 mm in length 
and 0,2 mm in thickness. At the tilted end the load was placed on the opposite side of 
the initial crack. The length of the initial crack remained unchanged and obviously the 
crack had no effect on the failure load. 

4.5.2 About loading 

The rate of loading is given in Fig. 68. Photographs about tests are shown in App. B, 
Figs 44�63. The measured loads and displacements are given graphically in App. E. The 
ultimate loads and observation made during the tests are summarized in Table 7. In both 
tests the observed resistance was considerably lower than that typical of tests with a 
similar transverse line load but without torsion.  
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Fig. 68.  Rate of loading in tests ST400G. 
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Table 7.  Failure load Fmax = Pmax + Peq (Peq is the weight of loading equipment), 
maximum shear force, maximum torque Tmax and description of response. The webs 
and voids are numbered starting from the right. Peq =1.18 kN.  

 Fmax 
kN 

Vmax 
kN 

Tmax 
mm 

Description 

ST400G1 336.0 305.4 67.20 At P1 = 297 kN: an inclined flexural-torsional 
crack below the load, followed by reduction of 
load until 273 kN. At P1 = 334,8 kN a sudden 
shear-torsion failure in the webs. See App. B, 
Figs 49�55. 

ST400G2 360.3 326.3 72.06 At P1 = 313 kN: an inclined flexural-torsional 
crack below the load, followed by reduction of 
load until 284 kN. At P1 = 357,2 kN a shear-
torsion-anchorage failure close to the central 
load P1. See App. B, Figs 56�63. 

 

In test ST400G1 the failure was a clear shear-torsion failure in the webs. On the other 
hand, in test ST400G2 the failure mode is more difficult to classify. As in test 
ST400G1, the first crack appeared in the soffit below the line load. This helical crack 
increased in width until failure. At P1 = 357,2 kN a new inclined shear crack appeared 
in the web between the existing crack and the support on the South end of the slab. This 
crack was a consequence of the failure rather than a reason to it because on this edge the 
increasing torsion tended to prevent such a cracking. 

The measured deflections at three different levels of load P1, depicted in Figs 69�70, 
illustrate the nonuniform load-sharing in transverse direction. The lowest (highest) load 
and smallest (greatest) deflection correspond to uncracked (almost failed) slab.  
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Fig. 69.  ST200G1. Deflection next to load, measured by transducers 31�37. 
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Fig. 70.  ST200G2. Deflection next to load, measured by transducers 31�37. 

Figs 71�73 illustrate the response of all twisted 400 mm slabs. The length of the span 
considered is of the order of 6 m. In pure torsion tests [5] this means the whole twisted 
span, in other tests the span between the shear load and the passive end (ST400E1, 2E, 
E1M) or tilted end (ST400G1, G2). Fig. 71 shows the torque-θ relationship for tests 
with one tilted support. The same curves are also shown in Fig. 72 but the curves for 
pure torsion tests include only the first monotonous part before the first unloading 
during the cyclic loading phase. Curves for tests with parallel supports are also 
incorporated. Fig. 73 shows the lower left corner of Fig. 72 in a larger scale. 

The slabs in tests ST400G were roughly one year older than those in eccentric shear 
tests. Due to this, the concrete strength was higher in the former tests, but the moderate 
difference in the strength alone does not explain the major difference in the observed 
torsional stiffnesses. It is possible that in eccentrically loaded shear tests the transverse 
bending due to concentrated loads contributed to the measured displacements 
effectively and reduced the apparent torsional stiffness.  

In the pure torsion tests PT400 the slab concrete was slightly weaker than that in tests 
ST400G. In the pure torsion tests the prestressing force was only 45% of that in tests 
ST400G. These two differences do not, however, explain why the torsional stiffness in 
the pure torsion tests was so much lower than that in tests PT400G, not only after cyclic 
loading stage in pure torsion tests but also before the first unloading, see Figs 72 and 73. 
A nonlinear FEM analysis on each test might give an answer to the observed 
differences. 
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Fig. 71.  Torque-θ  relationship in tests ST400G and PT400. 
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Fig. 72.  Torque-θ  relationship in tests on 400 mm slabs. 
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Fig. 73.  Torque-θ  relationship in tests on 400 mm slabs, lower left corner of previous 
figure. 

4.6 Shear flexure test on 400 mm slab 

The rate of loading is given in Fig. 74.  

The first flexural cracks were observed at P = 89.5 kN. The load decreased temporarily 
until 86 kN. At P = 90 kN an inclined shear crack in the 5th web and a longitudinal 
crack below the 4th void were observed. The flexural cracks increased in number and 
width. Suddenly, at P = 108.1 kN, the Eastern end of the slab failed in shear. Instead of 
a flexural shear failure, a shear tension failure took place. Photographs are shown in 
App. B, Figs 28�35. The measured deflections are given graphically in App. F.  
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Fig. 74.  Rate of loading. 

The measured self weight of the slab was gsl = 4.99 kN/m and the weight of the loading 
equipment Peq = 0.3 kN per each point load P. From this data and from the measured 
loads the observed shear resistance (support reaction) and flexural resistance in the mid-
span given in Table 8 are obtained. The predicted flexural resistance Mu,pre is calculated 
using the nominal geometry of the cross-section and nominal 0.2% yield strength of the 
prestressing steel = 1630 MPa. It is obvious that the strands had not started to yield at 
failure. 

Table 8.  Point load at cracking (Fcrack,obs) and at failure >(Fu,obs), shear force at 
cracking (Vcrack,obs) and at failure Vu,obs, bending moment at cracking (Mcrack,obs) and at 
failure (Mu,obs), as well as predicted flexural resistance (Mu,pre). 

Fcrack,obs Fu,obs Vcrack,obs Vu,obs Mcrack,obs Mu,obs Mu,pre 
kN kN kN kN kNm kNm kNm 

89.8 108.4 197.1 234.3 421.3 486.4 566.0 
 

Before loading similar initial cracks were observed in the slab as in shear tension tests, 
see Section 4.4. In this test the initial crack at the Eastern end (left end in Fig. 37) was 
part of the failure crack and may have reduced the observed resistance of the slab end. 

4.7 Data about concrete 

The strength of the concrete in slab elements was measured from drilled cores which 
were still wet due to the drilling and sawing when tested. The strength of the grouting 
concrete was measured from 150 mm cubes. For all specimens the measured strength, 
see Tables 9�19, was typical of normal production. 
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Table 9.  Strength and density of 50 mm cores drilled from slab unit ST200E1b and 
tested on 26th of August 2002. 

Specimen Strength 
MPa 

Density 
kg/m3 

B1 60.0 2440 
B2 70.0 2440 
B3 67.0 2400 
B4 69.5 2420 
B5 64.0 2400 
B6 68.0 2420 

Mean x 66.4 2420 
Standard deviation s   3.8    18 

Characteristic strength 
fck,C50 = x�1.65s 

60.1  

 

Table 10.  Strength and density of 50 mm cores drilled from slab unit STS200C and 
tested on 26th of August 2002. 

Specimen Strength 
MPa 

Density 
kg/m3 

S1 70.0 2400 
S2 81.0 2390 
S3 72.5 2410 
S4 82.5 2400 
S5 78.0 2380 
S6 74.0 2400 

Mean x 76.3 2397 
Standard deviation s   5.0     10 

Characteristic strength 
fck,C50 = x�1.65s 

68.2  
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Table 11.  Strength and density of 50 mm cores drilled from slab unit ST4002E and 
tested on 30th of August 2002. 

Specimen Strength 
MPa 

Density 
kg/m3 

A1 61.0 2410 
B2 60.0 2390 
C3 56.5 2430 
D4 66.5 2450 
E5 57.0 2420 
F6 68.5 2430 

Mean x 61.6 2422 
Standard deviation s   4.9     20 

Characteristic strength 
fck,C50 = x�1.65s 

53.4  

 

Table 12.  Strength and density of 50 mm cores drilled from slab unit ST400E1M and 
tested on 21st of October 2002. 

Specimen Strength 
MPa 

Density 
kg/m3 

M1 76.5 2460 
M2 73.5 2350 
M3 76.5 2450 
M4 72.0 2480 
M5 76.5 2480 
M6 79.0 2450 

Mean x 75.7 2462 
Standard deviation s   2.5     15 

Characteristic strength 
fck,C50 = x�1.65s 

71.5  
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Table 13.  Strength and density of 150 mm cubes cast from the grouting concrete in test 
ST400E1M and tested on 18th of October 2002. 

Specimen Strength 
MPa 

Density 
kg/m3 

HK1 34.5 2240 
HK2 35.0 2270 
HK3 35.5 2270 
HK4 35.0 2260 
HK5 35.5 2280 
HK6 35.5 2270 

Mean x 35.2 2265 
Standard deviation s   0.4     14 

Characteristic strength 
fck,C50 = x�1.65s 

34.5  

 

Table 14.  Strength and density of 50 mm cores drilled from slab unit ST200E1M and 
tested on 9tht of June 2003. 

Specimen Strength 
MPa 

Density 
kg/m3 

EM1 74.5 2370 
EM2 69.5 2350 
EM3 66.5 2320 
EM4 68.5 2330 
EM5 69.0 2340 
EM6 58.5 2340 

Mean x 67.8 2342 
Standard deviation s 5.3     17 

Characteristic strength 
fck,C50 = x�1.65s 

59.1  

 

Table 15.  Strength and density of 150 mm cubes cast from the grouting concrete in test 
ST200E1M and tested on 5th of June 2003. 

Specimen Strength 
MPa 

Density 
kg/m3 

K2 34.0 2260 
K3 34.5 2250 
K4 36.5 2300 

Mean x 35.0 2270 
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Table 16.  Strength and density of 50 mm cores drilled from slab unit ST400G2 and 
tested on 21st of August 2003. 

Specimen Strength 
MPa 

Density 
kg/m3 

G21 70.5 2300 
G22 75.5 2300 
G23 73.5 2320 
G24 73.5 2330 
G25 67.5 2320 
G26 71.5 2340 

Mean x 72.0 2318 
Standard deviation s   2.8     16 

Characteristic strength 
fck,C50 = x�1.65s 

67.4  

 

Table 17.  Strength and density of 150 mm cubes cast from the grouting concrete in tests 
ST400G on 8th of August and tested on 19th of August 2003. 

Specimen Strength 
MPa 

Density 
kg/m3 

P1 8.8.03 31.0 2290 
P2 8.8.03 31.0 2280 
P3 8.8.03 28.5 2240 
Mean x 30.2 2270 

 

Table 18.  Strength and density of 50 mm cores drilled from slab unit ST200E2M and 
tested on 4th of December 2003. 

Specimen Strength 
MPa 

Density 
kg/m3 

F1 54.0 2400 
F2 53.0 2410 
F3 51.5 2380 
F4 55.0 2410 
F5 54.0 2410 
F6 53.5 2410 

Mean x 53.5 2403 
Standard deviation s   1.2     12 

Characteristic strength 
fck,C50 = x�1.65s 

51.5  
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Table 19.  Strength and density of 150 mm cubes cast from the grouting concrete in test 
ST200E2M on 24th of November and tested on 2nd of December 2003. 

Specimen Strength 
MPa 

Density 
kg/m3 

2 32.0 2240 
3 30.0 2230 
4 30.5 2210 
5 30.0 2220 
6 29.0 2230 

Mean x 30.3 2226 
Standard deviation s 1.10     11 

Characteristic strength 
fck,C50 = x�1.65s 

28.5  

 

Both slip-formed 200 mm slabs and all 400 mm slabs were sawn from the same casting 
bed and from the same casting lot. So were also all extruded 200 mm slabs except the 
slab in test ST200E2M. Most tests were carried out in August 2002 but ST400E1M in 
October 2002, ST200E1M in June 2003, ST400G1 and G2 in August 2003 and 
ST200E2M in December 2003.  

The development of slab strength measured from drilled cores is illustrated in Figs 75 
and 76. The concrete in extruded 200 mm slabs seems to have hardened only slightly in 
ten months, but the concrete in 400 mm slabs has gained more than 20% additional 
strength from August 2002 to October 2002. A similar conclusion can be drawn from 
the results of pilot floor test [6]. It is not typical that slabs from the age of two months to 
the age of three months and a half gain so much strength when rapidly hardening 
cement is used. It is possible that the cores taken in August from slab ST4002E have 
been drilled from a local weak zone. 
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Fig. 75.  Development of mean and characteristic core strength (50 x 50 mm cores) in 
extruded 200 mm slabs. 
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Fig. 76.  Development of mean and characteristic core strength (50 x 50 mm cores) in 
400 mm slabs. 

4.8 Notes on results 

The test specimens seemed to be typical of normal production, the strength of the 
concrete was high enough and the initial slippage of the strands was small in all 
elements. The loading and measuring equipment worked as intended with some 
insignificant exceptions. 

No punching failure was observed in the tests except in test ST200E2M in which a 
mixed shear-torsion-punching failure took place, see Fig. 77. 
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Fig. 77.  Cracking pattern at failure in testST200E2M. The dashed lines represent 
cracks on nonvisible surfaces. 

In tests ST200E1M, ST200E2M and ST400E1M the slab elements were supported on 
mortar bed and their ends were grouted.  In tests ST400G1 and ST400G2 the slabs were 
placed on soft wood fibre strips and their ends were grouted. In the rest of the tests the 
slabs were supported on neoprene strips 10 mm in thickness with no end grouting. The 
soft bearing and concentrated loads in the latter tests together with missing end grouting 
resulted in longitudinal cracking of slab ends in transverse bending. This explains why 
the failure load in tests ST200E1M, ST200E2M and ST400E1M with less deformable 
mortar bearing and end grouting was considerably higher than in other tests with point 
loads and with the same or no eccentricity. 

In test STS200C a transverse flexural crack appeared below the load at ultimate load. 
This was followed by slippage of strands and a shear tension failure in a few webs at a 
lower load. In tests STS200E1 and SF400C transverse flexural cracks were observed in 
the soffit before ultimate load. Despite these cracks, the failure mode was web shear 
failure near support which was the failure mode in other tests, too. 

When comparing the deflections of 200 mm and 400 mm slabs it looks like the point 
loads in 400 mm slabs were less uniformly shared in transverse direction than those in 
200 mm slabs. 
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5. Analysis of shear tension tests 

It is assumed that the strength measured from 50 mm drilled cores gives directly the 
cubic strength measured from 150 mm cubes and that the lower characteristic cylinder 
strength fck,C150 (150 mm x 300 mm cylinders) is equal to 85% of the cubic strength. In 
this way, fck,C150 given in Table 20 is obtained. From this, the mean tensile strength 

3/2
150,30.0 Cckctm ff =  (10) 

fck,C150 ≤ 50 MPa and the lower characteristic tensile strength 

( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ +
+=

MPa
MPaf

lnMPaf Cck
ctm 10

8
112.2 150,  (11) 

for fck,C150 > 50 MPa are obtained according to Eurocode 2 [4] (EC2). The tensile 
strength calculated according to CEB Bulletin 228 [1] (CEB228) and given by 
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is also used to show how much the assumed tensile strength affects the results. 
However, when calculating according to Eurocode 2 in the following, Eq. 10 is also 
applied to strengths higher than 50 MPa to eliminate the discontinuity between 
expressions 10 and 11 at 50 MPa when the difference between the mean and 
characteristic strength is different from 8 MPa.  

The elasticity modulus of concrete is calculated according to the Model Code [2] from 
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where the factor 0.85 takes into account the difference between initial and effective 
elasticity modulus. Poisson's ratio 0.15 is used for the concrete. Other material parameters 
for the concrete are given in Table 20. For the strands, elasticity modulus Ep = 195 GPa is 
used. The resulting strength and elasticity parameters are given in Table 20. 
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Table 20.  Measured cylinder strength fck,C150, elasticity modulus Ec and mean tensile 
strength fctm. 

 fck,C150 
MPa 

Ec 
GPa 

Mean tensile strength 
MPa 

   EC2 CEB228 
ST2001) 51.1 33.0 4.13 3.67 

ST200E1M 50.2 32.9 4.08 3.64 
ST200E2M 43.8 32.0 3.73 3.39 
STS2002) 58.0 34.3 4.49 3.92 
ST4003) 45.4 31.9 3.82 3.46 
ST400G 57.3 34.2 4.46 3.90 

ST400E1M 60.8 34.8 4.64 4.02 
                 1)  All extruded 200 mm slabs except ST200E1M and ST200E2M 
           2)  Both slipformed slabs 
           3)  All 400 mm slabs except ST400E1M and ST400G 

When analysing the effects of the torsion, the traditional simplification illustrated in Fig. 
78 is applied. 
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Fig. 78.  Transforming a hollow core cross-section (a) into a tubular cross-section (b). 

The maximum shear stress τt,max due to Mt can be evaluated using 

 τ t
t

t

M

W,max =  (14) 

where the section modulus in torsion for the web is calculated from 

 ( )( )1,211 2 tbthtW mt −−=  (15) 

and that for the bottom flange from 

 ( )( )1,2,22 2 tbthtW mbott −−=  (16) 

t2,m is the mean of t2,top and t2,bot, see Fig. 78. 
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Table 21 gives both the geometry of the tubular slab cross-section without inner webs 
and the resulting geometric moduli. The width and depth of the cross-section are 
nominal values. The thickness of flanges and outer webs are means of measured values.  

Table 22 gives the cross-sectional characteristics e, A, I and S of the slabs calculated 
using the nominal geometry shown in Figs 79�81. The measured average web width bw 
and the average slab weight gsl are also given. These characteristics are used for analysis 
of the effects of vertical shear force and bending moment. 

For most parameters, the nominal geometry is used instead of measured geometry 
because 

-   when compared with other sources of error like transfer of prestressing force, tensile 
strength of concrete etc., the cross-sectional characteristics e, S/I, A and W (section 
modulus), and hence the calculated stresses are not sensitive to the measured small 
deviations from the nominal geometry 

-   the top surface of the slab is curved, see e.g. Fig. 4 in App. A, the real geometry does 
not correspond to any regular geometric figures and a significant improvement in the 
accuracy would require much more sophisticated measurements and numerical 
analyses of results than those within the scope of the present project. 

The measured web width bw and position of the strands are used in the analysis because 
the results are sensitive to them. The measured average weight of the slabs is also used 
because it is easy to measure. Other parameters of the slab cross-sections, see App. C, 
were measured to justify the use of nominal geometry in calculations. 

The transfer length lpt is calculated according to Eurocode 2 from 
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0021

⋅⋅

∆−⋅
=  (17) 

where the following parameters are applied here: a1 = 1.25, a2 = 0.19, σp0�∆σp0 is the 
tendon stress after the release = σp0�50 MPa, ηp1 = 3.2, η1 = 0,7 and fckC,150 is the 
characteristic strength at the release of the prestressing force. The strength at the release 
of the prestress, is assumed to be 70% of the cylinder strength at the age of 28 d. 
Including γc in expression 3 is confusing, because later in the code it is stated that " The 
design value of transmission length should be taken as the less favourable of two values, 
depending on the design situation: lpt1 = 0.8lpt or lpt2 = 1.2lpt.� This suggests that the 
characteristic value for lpt is obtained using a nationally determined safety factor which 
cannot be tuned for the transfer length only. The transfer length is calculated here using 
γc = 1.0 and 1.5. In this way the transfer lengths given in Table 22 are obtained. 
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Table 21.  Geometry and torsional characteristics of tubular cross-section. Width b and 
depth h of whole section, thickness of web t1, thickness of bottom flange t2,bot and that of 
top flange t2,top, torsion modulus It as well as section moduli in torsion Wt1 (web) and 
Wt2 (bottom flange). Measured values are in italics. Slabs belonging to different casting 
lots are separated with continuous, horizontal lines. 

 b 
mm 

h 
mm 

t1,web

mm 

t2,bot

mm

t2,top 

mm 

It 

mm4 

Wt1 

mm3 

Wt2 

mm3 

ST200C 1160 200 28.7 23.7 23.8 1.48⋅109 1.14⋅107 9.48⋅106

ST200E1 1160 200 28.7 23.7 23.8 1.48⋅109 1.14⋅107 9.48⋅106

ST200E1b 1160 200 28.7 23.7 23.8 1.48⋅109 1.14⋅107 9.48⋅106

ST200E2 1160 200 28.7 23.7 23.8 1.48⋅109 1.14⋅107 9.48⋅106

ST200E1M 1160 200 28.7 23.7 23.8 1.48⋅109 1.14⋅107 9.48⋅106

ST200E2M 1160 200 40.0 28.8 31.0 1.74⋅109 1.52⋅107 1.14⋅107

STS200C 1155 200 64.5 38.1 35.2 1.97⋅109 2.30⋅107 1.31⋅107

STS200E1 1155 200 64.5 38.1 35.2 1.97⋅109 2.30⋅107 1.31⋅107

ST400C1 1160 400 51.6 37.7 38.3 8.94⋅109 4.15⋅107 3.06⋅107

ST400C2 1160 400 51.6 37.7 38.3 8.94⋅109 4.15⋅107 3.06⋅107

ST400E1 1160 400 51.6 37.7 38.3 8.94⋅109 4.15⋅107 3.06⋅107

ST4002E 1160 400 51.6 37.7 38.3 8.94⋅109 4.15⋅107 3.06⋅107

ST400E1M 1160 400 51.6 37.7 38.3 8.94⋅109 4.15⋅107 3.06⋅107

ST400G1 1160 400 51.0 37.4 38.1 8.85⋅109 4.108⋅107 3.03⋅107

ST400G2 1160 400 51.0 37.4 38.1 8.85⋅109 4.108⋅107 3.03⋅107
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Fig. 79.  Geometry of extruded 200 mm slabs used for calculation of cross-sectional 
characteristics. 
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Fig. 80.  Geometry of slipformed 200 mm slabs used for calculation of cross-sectional 
characteristics. 
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Figure 81.  Geometry of 400 mm slabs used for calculation of cross-sectional 
characteristics. Note that there are two different types of hollow core. 
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Table  22.  Self weight of slab gsl, eccentricity of strands ep,bot and that of upper wires 
ep,top, sum of web widths bw, cross-sectional area A, distance from centroidal axis to 
bottom fibre e, second moment of area I, first moment of area S and transfer length lpt. 
Measured values are in italics. ep,bot and ep,top are calculated from nominal e and 
measured average position of strands. Slabs belonging to different casting lots are 
separated with continuous, horizontal lines. 

 gsl 
kN/m

ep,bot 
mm 

ep,top 
mm 

bw 
mm

A 
mm2 

e 
mm 

I 
mm4 

S 
mm3 

lpt 
mm 

ST200C 2.804 56.4 228 1.22.105   96.1 6.12.108 4.01.106*) 385 
ST200E1a 2.804 56.4 228 1.22.105   96.1 6.12.108 4.01.106*) 385 
ST200E1b 2.804 56.4 228 1.22.105   96.1 6.12.108 4.01.106*) 385 
ST200E2 2.804 56.4 228 1.22.105   96.1 6.12.108 4.01.106*) 385 
ST200E1M 2.784 56.4 228 1.22.105   96.1 6.12.108 4.01.106*) 385 
ST200E2M 2.857 54.9 278 1.39.105   96.1 6.60.108 4.43.106*) 427 
STS200C 3.342 48.6 -69.3 367 1.47.105 100.0 6.83.108 4.64.106  354**) 
STS200E1 3.342 48.6 -69.3 367 1.47.105 100.0 6.83.108 4.64.106  354**) 
ST400C1 5.010 168.9 275 2.13.105 204.9 4.48.109 1.43.107 466 
ST400C2 5.010 168.9 275 2.13.105 204.9 4.48.109 1.43.107 466 
ST400E1 5.010 168.9 275 2.13.105 204.9 4.48.109 1.43.107 466 
ST4002E 5.010 168.9 275 2.13.105 204.9 4.48.109 1.43.107 466 
ST400E1M 5.010 168.9 275 2.13.105 204.9 4.48.109 1.43.107 466 
ST400G1 4.930 168.9 273 2.13.105 204.9 4.48.109 1.43.107 466 
ST400G2 4.940 168.9 273 2.13.105 204.9 4.48.109 1.43.107 466 
*) First moment of area above the thinnest part of the web 
**) Lower strands, lpt = 203 for upper wires 

In Table 23 the predicted torsional stiffness is compared with the experimental values 
obtained from the present tests, see Tables 4 and 6 and previous pure torsion tests [5]. In 
the pure torsion tests the slab cross-sections were identical to the extruded cross-
sections in the present tests with the exception that the number of strands in 400 mm 
slabs was five instead of eleven in the present tests.  

The observed stiffness given in Table 23 is the secant stiffness determined before the 
first cracks appeared. In pure torsion tests the whole span, in the other tests the span 
between the shear load and the distant support is considered. The secant stiffness is 
solved from Eq. 1. 

The torsional stiffness observed in pure torsion tests and in tests ST400G exceeded the 
stiffness observed in shear torsion tests on neoprene bearing and ST400E1M. In 
addition to the unavoidable scatter in all experimental results, the different test 
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arrangements may explain the difference. The way of measuring the angle of twist, see 
Section 4.2, is not accurate, because it is also affected by the transverse bending. In pure 
torsion tests and in tests ST400G the slabs were not subjected to transverse bending. 
Therefore, the observed stiffness for these tests is more reliable than that for the other 
tests in which the concentrated loads gave rise to transverse deformations which are not 
present in pure torsion. In other words, the slabs in the shear torsion tests behaved partly 
as slabs, those in pure torsion tests and tests ST400G mainly as beams. Consequently, 
the deflection of a hollow core slab cannot be accurately predicted by modelling it as a 
beam with longitudinal bending and torsional degrees of freedom only.  

Table  23.  Observed (GIt,obs) and predicted (GIt,pre) torsional stiffness as well as 
torsional stiffness GIt,obs,PT  observed in previous pure torsion tests. 

 GIt,obs 

MNm2

GIt,obs,PT 

MNm2 

GIt,pre 

MNm2 obst

pret

GI
GI

,

,

ST200E1a 20.9 31.5 21.1 1.01
ST200E1b 27.1 21.6 0.80
ST200E2 25.8 21.0 0.81
ST200E1M 35.0 21.6 0.62
ST200E2M 25.41)

22.32)
21.4 0.84

0.96
STS200E1 37.1 31.0 0.83
ST400E1 114.9 133.9 122.1 1.06
ST4002E 73.5 123.9 1.68
ST400E1M 124.8 131.3 1.05
ST400G1 203.1 137.9 0.68
ST400G2 186.0 136.5 0.73

1) Obtained from displacements measured by transducers  41, 47, 7 and 10, see Fig. 21 
2) Obtained from displacements measured by transducers  51, 57, 7 and 10, see Fig. 21 

In tests ST200E1M, ST200E2M and ST400E1M the cast-in-situ concrete stiffened the 
slab ends against transverse bending. The supporting beams provided the slab with a 
longitudinal, partial restraint which also reduced the deflections of the slab. In tests 
ST200E1M and ST400E1M these two restraints are reflected in the observed torsional 
stiffness which is higher than in the tests with neoprene bearing. Odd enough, no such 
stiffening was observed in test ST200E2M. 

In Table 24 the observed torque at failure is given. It is calculated from test results 
either using Eqs 1, 4 & 8 and GIt,obs from Table 23 (active end cracked before failure), 
or applying Eqs 3, 4 & 5 directly to the measured loads and displacements (slab 
uncracked until failure).  
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Table  24.  Observed torque Mt,obs and shear resistance Vobs (shear force at support) at 
failure as well as equations used for calculating Mt,obs. 

 Mt,obs 
kNm 

Vobs 
kN 

Equations  

ST200C - 135.8 - 
ST200E1a 17.03 103.0 3, 4 & 5 
ST200E1b 14.23   95.7 1, 4 & 8 
ST200E2 18.95   69.6 1, 4 & 8 
ST200E1M 26.02 154.6 3, 4 & 5 
ST200E2M 42.44 128.0 1, 4 & 8 
STS200C - 126.3 - 
STS200E1 31.83 130.0 1, 4 & 8 
ST400C1 - 238.9 - 
ST400C2 - 251.4 - 
ST400E1 34.92 160.1 1, 4 & 8 
ST4002E 38.26 155.5 1, 4 & 8 
ST400E1M 64.55 244.5 3, 4 & 5 
ST400G1 67.20 305.4 1, 4 & 8 
ST400G2 72.06 326.3 1, 4 & 8 

 

The observed torque and shear resistance (shear force at support) are compared with the 
predicted values in Figs 82�88. The predicted values are calculated using two different 
tensile strengths, the mean tensile strength according to Eq. 10 (from Eurocode 2 [4]) or 
according to Eq. 11 (from CEB Bulletin 228 [1]). It is also assumed that 

-  the strength is that measured for ST200E1b (Fig. 82), ST200E1M (Fig. 83),  
   ST200E2M (Fig. 84), STS200C (Fig. 85), ST4002E (Fig. 86), ST400E1M (Fig. 87) 
   and ST400G2 (Fig. 88) 
-  the losses of prestress are  
    = 150 MPa for tests ST200E1M and ST400G 
    = 100 MPa for other tests 
-  the prestress is transferred linearly 
-  for each slab type the cross-sectional characteristics given in Tables 21�22 are used. 

The limit states considered in Figs 82�88 are cracking in the webs and cracking in the 
bottom flange below the load. Cracking of the webs is considered according to EN1168 
[3] at a distance of bs+0.5h from slab end, where bs is 60 mm and 80 mm for 200 mm 
and 400 mm slabs, respectively, and h is the slab thickness. For 400 mm slabs the 
cracking of webs is also considered according to Yang [8] at a distance of 183 mm from 
slab end and 100 mm from the soffit. The normal stresses in slab cross-section at a 
distance of x from the slab end are calculated assuming that the cross-section is loaded 
by a normal force equal to the prestressing force transferred within the distance x.  
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The curves or points referring to the cracking of bottom flange are indicated by bot.fl. 
Cracking in the bottom flange does not necessarily mean failure. The criterion for both 
considered limit states is the same: cracking takes place when the maximum tensile 
stress of the concrete becomes equal to the mean tensile strength fctm.  

The rough assumptions for the losses of prestress mean that the prestressing force may 
be slightly under- or overestimated. This has a minor effect on the predicted shear 
failure curves in Figs 82�88. The curves representing flexural cracking are more 
sensitive to the prestressing. In any case, conclusions can be drawn from the figures 
because the error due to the uncertainty of the prestressing force is not significant when 
compared with other uncertainties.  

The resistance of the bottom flange is not particularly sensitive to the tensile strength 
because the compression due to the prestressing force is the prevailing factor affecting 
the cracking resistance. This can be seen in Figs 82 and 84 in which one point of the 
flexural cracking curve, calculated according to EC2, is shown. It was not considered 
necessary to include further points. 
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Fig. 82.  Comparison of predicted and observed results for extruded 200 mm slabs on 
neoprene bearing. 
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Fig. 83.  Comparison of predicted and observed results for test ST200E1M. 
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Fig. 84.  Comparison of predicted and observed result for test ST200E2M. 
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Fig. 85.  Comparison of predicted and observed results for slip-formed 200 mm slabs. 
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Fig. 86.  Comparison of predicted and observed results for 400 mm slabs on neoprene 
bearing. 
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Fig. 87.  Comparison of predicted and observed result for test ST400E1M. 
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Fig. 88.  Comparison of predicted and observed results for 400 mm slabs. 

For extruded 200 mm slabs, see Fig. 82, one test result (ST200E1a) lies on the curve 
corresponding to the tensile strength of CEB228. The other test results lie on the 
unconservative side but not too far. It is likely that with more realistic support 
conditions, i.e. grouted slab ends and mortar bed below the slab, all points 
corresponding to the observed resistance would have been close to the predicted curves. 
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In test ST200E1M and particularly in test ST200E2M, see Figs 83 and 84, the observed 
test results lies far above the predicted curves for web failure. In the former test the failure 
mode was shear failure in web, in the latter test some kind of flexural-shear-torsion-
punching failure. The failure modes are not easily explained by the predicted curves. 

For the slip-formed 200 mm slabs, see Fig. 85, the cracking of the bottom flange seems 
to precede the failure theoretically. This was also the case in the tests. Whether this type 
of cracking corresponds to failure, depends on the anchorage. In test STS200C the 
cracking in flexure and the failure took place simultaneously; in test STS200E1 the load 
could be increased after the first flexural cracks had been observed. Both test results lie 
on the unconservative side of the predicted curves.  

In tests STS200, see Fig. 85, the two concentrated loads were closer to each other than 
in tests ST200. This explains why, despite the stronger cross-section, the resistance in 
test STS200C was lower than in test ST200C: The outermost webs in the slipformed 
slabs were considerably thicker than the inner webs. This explains why the observed 
shear resistance in test STS200C was lower than that in test STS200E1. In addition, 
small eccentricity of the lower strands and existence of the upper prestressing wires 
facilitated the cracking in bottom flange. 

For extruded 400 mm slabs on neoprene bearing, see Fig. 86, the results of tests are far 
from the predicted values and on the unconservative side. On the other hand, the test 
with a mortar bearing and grouted ends (ST400E1M, see Fig. 87) as well as those with 
wood fibre bearing and grouted ends (ST400G1 and ST400G2, see Fig. 88) gave results 
that are closer to the predicted results.  

The difference in behaviour of 200 mm and 400 mm slabs can partly be explained by 
the fact that the conventional formula for calculating the shear stress in the web from  

wIb
VS

=τ  (18) 

does not take into account the shear stresses due to the stress gradient in the prestressing 
steel. Such a gradient has little or no effect in cross-sections like those in slabs ST200 or 
STS200, but for slabs of the type ST400 the gradient increases the maximum principal 
stress in the web by tens of percent depending on the prestressing force. When the stress 
gradient in the tendons is taken into account using Yang's method [8], see Figs 86�88, 
the predicted curve for web shear failure comes closer to the observed results but there 
is still a considerable gap in Fig. 86. As for 200 mm slabs, this gap can be explained 
with the neoprene bearing, at least partly. In tests ST400E1M and ST400G with cast in 
situ concrete at the ends of the slab, the test results are clearly on the safe side when 
compared with Yang's curve. 
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6. Discussion 

The tests in which slabs were supported on a neoprene strip without any means to keep 
the slab ends undeformed, resulted in a considerably lower load-carrying capacity and 
apparent torsional stiffness than what was observed in tests in which the deformation of 
the slab ends was restricted by end grouting, stiff beams on the slab end, mortar bearing 
or a combination of these aids. The main reason for a premature slab failure on a 
neoprene bearing was the longitudinal cracking at slab end due to transverse bending at 
support. Longitudinal cracks were observed above or below hollow cores. Such cracks 
cut off one or two webs from the rest of the slab which is then too weak to resist the 
loading. The results of these tests are not informative for ordinary cases in which the 
slab ends are grouted and tied with reinforcement to the surrounding structures. The 
results can be used to calibrate computer models, but only in cases in which the 
calculation model can be made fine enough to simulate also the transverse bending. For 
this reason only the results of tests with grouted slab ends are considered in the 
following. 

The tests on 400 mm slabs with grouted ends seem to give resistances which are on the 
unsafe side when compared with the present design practice specified in EN1168 [3], 
but on the safe side, if the method for shear stress calculation proposed by Yang is 
applied [8]. On the other hand, the torsional stiffness calculated from the test results 
varies a lot. For test ST400E1M the observed torsional stiffness was 5% lower, for test 
ST400G1 47% higher and for test ST400G2 37% higher than the predicted stiffness. 
Taking the inner webs into account when calculating the stiffness would have increased 
not only the predicted stiffness but also the predicted resistance.  

In tests ST200E1M and ST200E2M, the only tests on 200 mm slabs with grouted ends, 
the observed resistance was higher, and in test ST200E2M considerably higher than the 
predicted resistance calculated according to EN1168. Particularly the resistance against 
the web failure was 40�90% higher than the predicted resistance of the web. The 
horizontal restraint at the slab ends must have had an effect on the observed resistance 
but it cannot be so great. Taking into account the contribution of the inner webs would 
have increased the predicted resistance and also reduced the gap between observed and 
predicted resistances. It would also have increased the predicted torsional stiffness 
which was lower than the observed one. The longitudinal restraint provided by the 
supporting beams may also have enhanced the observed resistance. 

To conclude: the observed resistances in the tests on slabs with grouted ends gave 
formally safe resistances when compared with results calculated using elementary beam 
theory and common simplifications. However, a more thorough analysis showed 
inconsistencies in torsional stiffnesses and observed resistances which suggest that the 
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simpliest possible beam theory is too rough to properly model a single hollow core slab 
subjected to point loads very close to the support. Obviously the assumptions made 
when the elementary torsion theory has been developed are not in force in this case. It is 
suggested to analyse the most interesting test using FE method to explain the behaviour. 
In addition, it may be necessary to modify the traditional design method for 400 mm 
slabs as Yang [8] has proposed. 
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Appendix A: Photographs, 200 mm slabs 
The numbers on the surface of the slabs refer to the actuator load. They tell the load at 
which the crack grew until the indicated position. 

 
Fig. 1.  ST200C. Arrangements at the loaded end. 

 

 
Fig. 2.  ST200C. Transducers for measuring vertical displacement next to the load.  
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Fig. 3.  ST200C. Horizontal transducers for measuring transverse shear deformation. 

 

 
Fig. 4.  ST200C. Transducers for measuring bond slip and settlement of supports. 
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Fig. 5.  ST200C. Longitudinal overview on test arrangements. 

 

 
Fig. 6.  ST200C. First cracks at load P = 112.5 kN. 
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Fig. 7.  ST200C. Cracks in webs after failure. 

 

 

Fig. 8.  ST200C. Top view. Longitudinal cracks after failure. 
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Fig. 9.  ST200C. Cracking of soffit. 

 

 
Fig. 10.  ST200E1a. Arrangements. 
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Fig. 11.  ST200E1a. Cracks after failure. North edge. 

 

 
Fig. 12.  ST200E1a. Cracks in webs after failure. 



 

 A7

 

Fig. 13.  ST200E1a. Cracks after failure. Top view. 

 

 
Fig. 14.  ST200E1a. Soffit after failure. 
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Fig. 15.  ST200E1b. Cracking pattern in webs after failure. 

 

 
Fig. 16.  ST200E1b. Northern edge after failure. 
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Fig. 17.  ST200E1b. Cracking pattern in soffit. 

 

 
Fig. 18.  ST200E1b. Cracking pattern in top flange. 
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Fig. 19.  ST200E1b. Cracking pattern in webs. 

 

 
Fig. 20.  ST200E2. Arrangements. 
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Fig. 21.  ST200E2.  First crack at Northern edge. 

 

 

Fig. 22.  ST200E2. Cracking pattern after failure. Northern edge. 
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Fig. 23.  ST200E2. Top view after failure. 

 

 
Fig. 24.  ST200E2. Soffit after failure. 
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Fig. 25.  STS200C. Arrangements. 

 

 
Fig. 26.  STS200C. Cracking pattern after failure. Northern edge. 
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Fig. 27.  STS200C. Cracking pattern in webs after failure. 

 

 
Fig. 28.  STS200C. Cracking pattern after failure. Southern edge. 
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Fig. 29.  STS200C. Cracking pattern after failure. Top view. 

 

 
Fig. 30.  STS200C.  Soffit after failure. 
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Fig. 31.  STS200E1. Cracking pattern in webs after failure. 

 

 
Fig. 32.  STS200E1. Cracking pattern in webs after failure. 
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Fig. 33.  STS200E1. Cracking after failure. Northern edge. 

 

 
Fig. 34.  STS200E1. Detail of cracking. 
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Fig. 35.  STS200E1. Top surface after failure. 

 

 
Fig. 36.  STS200E1. Soffit after failure. 
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Fig. 37.  ST200E1M. Arrangements at support before grouting. 
 

 
 

Fig. 38.  ST200E1M. Longitudinal view on arrangements. 
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Fig. 39.  ST200E1M. Loading. 
 

 
 

Fig. 40.  ST200E1M. Measuring deflection. Note the curved top surface of the slab. 
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Fig. 41.  ST200E1M. Cracking pattern after failure. 
 

 
 

Fig. 42.  ST200E1M. Longitudinal view after failure. 
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Fig. 43.  ST200E1M. Cracking pattern between load and support.  
 

 
 

Fig. 44.  ST200E1M. Top surface after removal of measuring devices. 
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Fig. 45.  ST200E1M. Loaded area after removal of spreader beam. 
 

 
 

Fig. 46.  ST200E1M. Soffit after failure. 
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Fig. 47.  ST200E1M. Transverse cracking of soffit next to support. 
 

 
Fig. 48.  ST200E2M. Arrangements at support before grouting. 
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Fig. 49.  ST200E2M. Overview on arrangements. 

 

 
Fig. 50.  ST200E2M. Arrangements to spread one actuator load to two point loads. 
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Fig. 51.  ST200E2M. Overview on arrangements. 

 

 
Fig. 52.  ST200E2M. Loading arrangements. 
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Fig. 53.  ST200E2M. Cracking pattern after failure. 

 

 
Fig. 54.  ST200E2M. Cracking pattern after failure. 
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Fig. 55.  ST200E2M. Cracking pattern after failure. 

 

 
Fig. 56.  ST200E2M. Cracking pattern after failure. 
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Fig. 57.  ST200E2M. Cracking pattern after failure. 

 

 
Fig. 58.  ST200E2M. Cracking pattern after failure. 
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Fig. 59.  ST200E2M. Cracking pattern after failure. 
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Appendix B: Photographs, 400 mm slabs 

The numbers on the surface of the slabs refer to the actuator load. They tell the load at 
which the crack grew until the indicated position. 

 

Fig. 1.  ST400C1. Arrangements. 

 

 

Fig. 2.  ST400C1. Northern edge after failure. 
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Fig. 3.  ST400C1. Cracks in webs after failure. 

 

 

Fig. 4.  ST400C1. Cracks in webs after failure. 
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Fig. 5.  ST400C1. Top surface after failure. Note the letter A on the upper left corner of 
the figure. Before loading there was an initial crack from the slab end to letter A. 

 

 

Fig. 6.  ST400C1. Top surface and soffit seen from below. 
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Fig. 7.  ST400C2. Arrangements. 

 

 

Fig. 8. ST400C2. Southern edge after failure. 
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Fig. 9.  ST400C2. Soffit after failure seen from the North. 

 

 

Fig. 10.  ST400C2. Cracks in webs after failure. 
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Fig. 11.  ST400C2. Cracks in webs after failure. 

 

 

Fig. 12.  ST400C2. Northern edge after failure. 
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Fig. 13.  ST400C2. Soffit after failure. See also Fig. 45. 

 

 

Fig. 14.  ST400C2. Top surface after failure. A thin crack until letter A was observed 
before loading.  
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Fig. 15.  ST400E1. Arrangements. 

 

 

Fig. 16.  ST400E1. Cracks at the end after failure. 
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Fig. 17.  ST400E1. Northern edge after failure. 

 

 

Fig. 18.  ST400E1. Webs after failure. 
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Fig. 19.  ST400E1. Webs after failure. 

 

 

Fig. 20.  ST400E1. Top surface after failure. Note the initial crack, marked with A on 
the upper right corner of the figure. 
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Fig. 21.  ST400E1. Soffit after failure. 

 

 

Fig. 22.  ST4002E. Arrangements. 
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Fig. 23.  ST4002E. Cracks in webs after failure. 

 

 

Fig. 24.  ST4002E. Cracks in webs after failure. 
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Fig. 25.  ST4002E. Northern edge after failure. 

 

 

Fig. 26.  ST4002E. Top surface after failure. Note the thin crack at the upper right 
corner of the figure. This crack existed before loading. 
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Fig. 27.  ST4002E. Soffit after failure. 

 

 

Fig. 28.  SF400C. Arrangements. 
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Fig. 29.  SF400C. Failure mode. 

 

 

Fig. 30.  SF400C. Southern edge after failure. Before loading there was an initial crack 
above the first hollow core in the front. It extended ≈ 450 mm from slab end to the span.  
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Fig. 31.  SF400C. Failure mode. 

 

 

Fig. 32.  SF400C. Flexural cracks in mid-span, Northern edge. 
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Fig. 33.  SF400C. Flexural cracks in mid-span, detail of Fig. 68. 

 

 

Fig. 34.  SF400C. Flexural cracks in mid-span, detail of Fig. 68. 
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Fig. 35.  SF400C. Flexural cracks in mid-span, Southern edge. 

 

 

Fig. 36.  ST400E1M. General view. 
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Fig. 37.  ST400E1M. Well-compacted grout below the slab end. 

 

 

Fig. 38.  ST400E1M. Shear crack after failure. 
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Fig. 39.  ST400E1M. Shear crack after unloading. 

 

 

Fig. 40.  ST400E1M. Cracks on the top after unloading. 
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Fig. 41.  ST400E1M. Cracking of soffit after unloading. 

 

 

Fig. 42.  ST400E1M. Cracking of soffit after unloading. 
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Fig. 43.  ST400E1M. Cracking of the top surface after unloading. Note the letter A on 
the upper left corner of the figure. Before loading there was an initial crack from the 
slab end to letter A. 

 

 
Fig. 44.  ST400G. Arrangements before grouting. 
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Fig. 45.  ST400G. Overview on arrangements. 

 

 

Fig. 46.  ST400G. Auxiliary beam for creating eccentric load at sheared end. 
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Fig. 47.  ST400G. Arrangements at sheared end. 
 

 

Fig. 48.  ST400G. Arrangements at tilted end. 
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Fig. 49.  ST400G1, South edge, first cracks. 

 

 

Fig. 50.  ST400G1, North edge, first cracks. 
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Fig. 51.  ST400G1, North edge, cracks before failure. 

 

 

Fig. 52.  ST400G1, North edge, cracks after failure. 
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Fig. 53.  ST400G1, South edge, cracks after failure. 

 

 

Fig. 54.  ST400G1, North edge, failure cracks. 
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Fig. 55.  ST400G1, active end, soffit after failure. 

 

 

Fig. 56.  ST400G2, North edge, cracks before failure. 
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Fig. 57.  ST400G2, South edge, cracks before failure. 
 

 

Fig. 58.  ST400G2, North edge, cracks after failure. 
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Fig. 59.  ST400G2, North edge, detail of failure cracks. 
 

 

Fig. 60.  ST400G2, South edge, cracks after failure. 
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Fig. 61.  ST400G2, South edge, detail of failure cracks. 

 

 

Fig. 62.  ST400G2, top surface, cracks after failure. 
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Fig. 63.  ST400G2, top surface, cracks after failure. 
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Appendix C: Measured geometry of slabs 

In the following figures prestress refers to the nominal prestress in the strands after 
pretensioning (initial prestress). The underlined values refer to initial slippage of the 
strands. The strands are made of seven wires. The cross-sectional area of a strand is 93 
mm2. 

End 1 was in all shear tests the active end and in test SF400C the Eastern end that 
failed. In tests STG400G1 and ST400G2 End 1 was the twisted end. 
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Fig. 1.  ST200C. 
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END 2 / EDGE 1 END 2 / EDGE 2
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Lower strands :  7 d 12.5,  prestress =  900 MPa Length :  7050 mm
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Fig. 2.  ST200E1a. 
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END 2 / EDGE 1 END 2 / EDGE 2
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Lower strands :  7 d 12.5,  prestress =  900 MPa Length :  7056 mm

Mass   :  2020 kg

1154

193
15529 142

23 25

185

55 225 601 781 

0,5 0.6

37 35

1139

33

0.4

48

0,8

3734

0.3 0,5

38 36

(1161 at mid-depth)

0,7

25

25

25

26

22

25

22

24

24 24

154150
135145144143

154154
143

155

195

413 971

1196

33 34 35 35 30

1156

193
15228 142

23 24

189

54 225 601 782 

1,0 0.7

41 37

1140

33

0,6

48

0,8

4237

0,2 0,3

40 35

(1159 at mid-depth)

0,5

28

28

25

25

23

25

23

23

23 22

155154
143147148146

156154
145

155

198

413 971

1197

34 33 34 35 27

 
Fig. 3.  ST200E1b. 
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END 2 / EDGE 1 END 2 / EDGE 2

END 1 / EDGE 1 END 1 / EDGE 2

ST200E2
Lower strands :  7 d 12.5,  prestress =  900 MPa Length :  7063 mm
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Fig. 4.  ST200E2. 
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END 2 / EDGE 1 END 2 / EDGE 2

END 1 / EDGE 1 END 1 / EDGE 2
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Lower strands :  8 d 12.5,  prestress = 900  MPa Length :  7028 mm
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Fig. 5.  STS200C. 
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END 2 / EDGE 1 END 2 / EDGE 2

END 1 / EDGE 1 END 1 / EDGE 2
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Fig. 6.  STS200E1. 
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END 2 / EDGE 1 END 2 / EDGE 2

END 1 / EDGE 1 END 1 / EDGE 2

ST200E1M
Lower strands :  7 d 12.5,  prestress =  900 MPa Length :  7055 mm
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Fig. 7.  ST200E1M. 
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END 2 / EDGE 1 END 2 / EDGE 2
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Fig. 8.  ST200E2M. 
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Fig. 9.  ST400C1. 
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Fig. 10.  ST400C2. 
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Fig. 11.  ST400E1. 
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Fig. 12.  ST4002E. 
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Fig. 13.  ST400E1M. 
 



 

 C14

END 2 / EDGE 1 END 2 / EDGE 2

1154 (1163 at middepth)

39 39 41 37

402 223 21950 58 54 58 53

38 35 35 37

400

43 302  

1195

0,6 1,3

32 37 33

1150

220

317

227

318318 320

400

1.2

34

END 1 / EDGE 1 END 1 / EDGE 2

SF400C
Lower strands :  11 d 12.5,  prestress =  1000 MPa Length :  7083 mm

Mass   :  3600 kg

347  

1,6

32

1,7 1,1

35 33

1,1

34

1,4 1,2

33 39

1,1

33

323  577  622  600  853  898  878  

0,9

40 40 40 37

400 222 21750 59 57 58 55

39 37 36 35

399

44 301  

1196

0,7 1,7

35 37 34

1151

216

317

225

318318 320

399

1,3

36

347  

2,2

34

1,2 1,9

34 35

2,1

34

2,0 1,5

34 40

1,5

34

322  576  623  600  855  901  880  

1,5

1155 (1163 at middepth)

 
 

Fig. 14.  SF400C. 
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Fig. 15.  ST400G1. 
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Fig. 16.  ST400G2. 



 

 D1

Appendix D: 200 mm slabs, measured 
displacements in shear torsion tests 

The load is the actuator load without weight of loading equipment. The following terms 
are used for different measured displacements: 

- deflection: vertical displacement of slab 
- transverse horizontal displacement: horizontal displacement perpendicular to the slab 
- longitudinal horizontal displacement: horizontal displacement of supporting beam 

parallel to longitudinal axis of slab 
- slippage of strand: displacement of strand end relative to the surrounding concrete. 
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Fig. 1.  ST200C. Deflections at supports. Transducers 1�4. 
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Fig. 2.  ST200C. Transverse horizontal displacements. Transducers 5 and 6. 
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Fig. 3.  ST200C. Deflections close to load. Transducers 11�17. 
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Fig. 4.  ST200C. Slippage of strands. Transducers 21�27. 
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Fig. 5.  ST200C. Slippage of strands. Transducers 21�27. 



 

 D3

0

20

40

60

80

100

120

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Displacement [mm]

Lo
ad

 [k
N

]

1
2
3
4

 
 

Fig. 6.  ST200E1a. Deflections at supports. Transducers 1�4. 
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Fig. 7.  ST200E1a. Transverse horizontal displacements. Transducers 5 and 6. 
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Fig. 8.  ST200E1a. Deflections close to load. Transducers 11�17. 
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Fig. 9.  ST200E1a. Deflections close to load. Transducers 11�17. 
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Fig. 10.  ST200E1a. Slippage of strands. Transducers 21�27. 
 

0

20

40

60

80

100

120

-0.1 0.0 0.1

Displacement [mm]

Lo
ad

 [k
N

]

21
22
23
24
25
26
27

 
 

Fig. 11.  ST200E1a. Slippage of strands. Transducers 21�27. 
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Fig. 12.  ST200E2. Deflections at supports. Transducers 1�4. 
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Fig. 13.  ST200E2. Deflections at supports. Transducers 1�4. 
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Fig. 14.  ST200E2. Transverse horizontal displacements. Transducers 5 and 6. 
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Fig. 15.  ST200E2. Deflections close to load. Transducers 11�17. 
 

0

10

20

30

40

50

60

70

0 2 4 6 8

Displacement [mm]

Lo
ad

 [k
N

]

11
12
13
14
15
16
17

 
 

Fig. 16.  ST200E2. Deflections close to load. Transducers 11�17. 
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Fig. 17.  ST200E2. Slippage of strands. Transducers 21�27. 
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Fig. 18.  ST200E2. Slippage of strands. Transducers 21�27. 
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Fig. 19.  ST200E1b. Deflections at supports. Transducers 1�4. 
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Fig. 20.  ST200E1b. Deflections at supports. Transducers 1�4. 
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Fig. 21.  ST200E1b. Transverse horizontal displacements. Transducers 5�6. 
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Fig. 22.  ST200E1b. Deflections close to load. Transducers 11�17 
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Fig. 23.  ST200E1b. Deflections close to load. Transducers 11�17. 
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Fig. 24.  ST200E1b. Slippage of strands. Transducers 21�27. 
 

0
10
20
30
40
50
60
70
80
90

100

-0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1

Displacement [mm]

Lo
ad

 [k
N

]

21
22
23
24
25
26
27

 
 

Fig. 25.  ST200E1b. Slippage of strands. Transducers 21�27. 
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Fig. 26.  ST200E1M. Deflections at supports. Transducers 1�5. 
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Fig. 27.  ST200E1M. Horizontal displacements of beams measured by transducers 7�10. 
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Fig. 28.  ST200E1M. Deflections measured by transducers 11�17. 
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Fig. 29.  ST200E1M. Deflections measured by transducers 21�27. 
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Fig. 30.  ST200E2M. Deflection at support measured by transducers 1�5. 
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Fig. 31.  ST200E2M. Deflection at support measured by transducers 7�10. 
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Fig. 32.  ST200E2M. Horizontal displacement of beam measured by transducers 11�14. 



 

 D12

0

20

40

60

80

100

120

140

-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

Displacement [mm]

Lo
ad

 [k
N

]
15
16
17
18

 

Fig. 33.  ST200E2M. Horizontal displacement of beam measured by transducers 15�18. 
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Fig. 34.  ST200E2M. Horizontal displacement of slab measured by transducers 21�28. 
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Fig. 35.  ST200E2M. Horizontal displacement of slab measured by transducers 31�38. 
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Fig. 36.  ST200E2M. Deflection measured by transducers 41�47. 
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Fig. 37.  ST200E2M. Deflection measured by transducers 41�47. 
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Fig. 38.  STS200C. Deflections at supports. Transducers 1�4. 
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Fig. 39.  STS200C. Deflections at supports. Transducers 1�4. 
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Fig. 40.  STS200C. Transverse horizontal displacements. Transducers 5�6. 
 

0

20

40

60

80

100

120

140

0 1 2 3 4 5 6 7 8 9 10 11 12

Displacement [mm]

Lo
ad

 [k
N

]

11
12
13
14
15
16
17
18

 
 

Fig. 41.  STS200C. Displacements close to load. Transducers 11�18. 
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Fig. 42.  STS200C. Displacements close to load. Transducers 11�18. 
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Fig. 43.  STS200C. Slippage of strands. Transducers 21�28. 
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Fig. 44.  STS200C. Slippage of strands. Transducers 21�28. 
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Fig. 45.  STS200E1. Deflections at supports. Transducers 1�4. 
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Fig. 46.  STS200E1. Deflections at supports. Transducers 1�4. 
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Fig. 47.  STS200E1. Transverse horizontal displacements. Transducers 5�6. 
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Fig. 48.  STS200E1. Transverse horizontal displacements. Transducers 5�6. 
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Fig. 49.  STS200E1. Deflections close to load. Transducers 11�18. 
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Fig. 50.  STS200E1. Deflections close to load. Transducers 11�18. 
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Fig. 51.  STS200E1. Slippage of strands. Transducers 21�28. 
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Fig. 52.  STS200E1. Slippage of strands. Transducers 21�28. 



 

 E1

Appendix E: 400 mm slabs, measured 
displacements in shear torsion tests 

The load is the actuator load without weight of loading equipment. The following terms 
are used for different measured displacements: 

- deflection: vertical displacement of slab 

- transverse horizontal displacement: horizontal displacement perpendicular to the slab 

- longitudinal horizontal displacement: horizontal displacement of supporting beam 
parallel to longitudinal axis of slab 

- slippage of strand: displacement of strand end relative to the surrounding concrete. 
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Fig. 1.  ST400C1. Deflections at supports. Transducers 1�4. 
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Fig. 2.  ST400C1. Transverse horizontal displacements. Transducers 5 and 6. 
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Fig. 3.  ST400C1. Deflections close to load. Transducers 11�15. 
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Fig. 4.  ST400C1. Slippage of strands. Transducers 21�31. 
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Fig. 5.  ST400C1. Slippage of strands. Transducers 21�31. 
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Fig. 6.  ST400C2. Deflections at supports. Transducers 1�4. 
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Fig. 7.  ST400C2. Transverse horizontal displacements. Transducers 5 and 6. 
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Fig. 8.  ST400C2. Deflections close to load. Transducers 11�15. 
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Fig. 9.  ST400C2. Deflections close to load. Transducers 11�15. 
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Fig. 10.  ST400C2. Slippage of strands. Transducers 21�31. 
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Fig. 11.  ST400C2. Slippage of strands. Transducers 21�31. 
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Fig. 12.  ST400E1. Deflections at supports. Transducers 1�4. 
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Fig. 13.  ST400E1. Deflections at supports. Transducers 1�4. 
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Fig. 14.  ST400E1. Transverse horizontal displacements. Transducers 5 and 6. 
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Fig. 15.  ST400E1. Deflections close to load. Transducers 11�15. 
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Fig. 16.  ST400E1. Deflections close to load. Transducers 11�15. 
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Fig. 17.  ST400E1. Deflections close to load. Transducers 11�15. 
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Fig. 18.  ST400E1. Slippage of strands. Transducers 21�31. 
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Fig. 19.  ST400E1. Slippage of strands. Transducers 21�31. 
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Fig. 20.  ST4002E. Deflections at supports. Transducers 1�4. 
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Fig. 21.  ST4002E. Deflections at supports. Transducers 1�4. 
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Fig. 22.  ST4002E. Transverse horizontal displacements. Transducers 5�6. 
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Fig. 23.  ST4002E. Deflections close to load. Transducers 11�15. 
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Fig. 24.  ST4002E. Deflections close to load. Transducers 11�15. 
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Fig. 25.  ST4002E. Slippage of strands. Transducers 21�31. 
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Fig. 26.  ST4002E. Slippage of strands. Transducers 21�31. 
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Fig. 27.  ST400E1M Deflections at supports. Transducers 1�5. 
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Fig. 28.  ST400E1M. Deflections at supports. Transducers 1�5. 
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Fig. 29.  ST400E1M. Transverse horizontal displacements. Transducers 6�7. 
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Fig. 30.  ST400E1M. Transverse horizontal displacements. Transducers 6�7. 
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Fig. 31.  ST400E1M. Deflections close to load. Transducers 8�12. 
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Fig. 32.  ST400E1M. Deflections close to load. Transducers 8�12. 
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Fig. 33.  ST400G1. Deflections measured by transducers 11�15. 
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Fig. 34.  ST400G1. Deflections measured by transducers 11�15. 
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Fig. 35.  ST400C1. ST400G1. Deflections measured by transducers 15�18. 
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Fig. 36.  ST400G1. Deflections measured by transducers 15�18. 
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Fig. 37.  ST400G1. Deflections measured by transducers 19�22. 
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Fig. 38.  ST400G1. Deflections measured by transducers 23�26. 
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Fig. 39.  ST400G1. Deflections measured by transducers 23�26. 
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Fig. 40.  ST400G1. Deflections measured by transducers 27�30. 
 

0
50

100
150
200
250
300
350
400

0 10 20 30 40 50

Displacement [mm]

P
1 

[k
N

]

31
32
33
34
35
36
37

 
 

Fig. 41.  ST400G1. Deflections measured by transducers 31�37. 
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Fig. 42.  ST400G1. Deflections measured by transducers 31�37. 
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Fig. 43.  ST400G2. Deflections measured by transducers 11�14. 
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Fig. 44.  ST400G2. Deflections measured by transducers 11�14. 
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Fig. 45.  ST400G2. Deflections measured by transducers 15�18. 
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Fig. 46.  ST400G2. Deflections measured by transducers 19�22. 
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Fig. 47.  ST400G2. Deflections measured by transducers 23�26. 
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Fig. 48.  ST400G2. Deflections measured by transducers 23�26. 
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Fig. 49.  ST400G2. Deflections measured by transducers 27�28. 
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Fig. 50.  ST400G2. Deflections measured by transducers 31�37. 
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Fig. 51.  ST400G2. Deflections measured by transducers 31�37. 
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Appendix F: Measured displacements in shear  
flexure test SF400C 

P is the actuator load without weight of loading equipment. 
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Fig. 1.  SF400C. Deflections at Eastern support. Transducers 1�5. 
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Fig. 2.  SF400C. Deflections at Eastern support. Transducers 1�5. 
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Fig. 3.  SF400C. Deflections at Western support. Transducers 21�25. 
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Fig. 4.  SF400C. Deflections close to outermost load. Transducers 6�10. 
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Fig. 5.  SF400C. Deflections close to outermost load. Transducers 16�20. 
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Fig. 6.  SF400C. Deflections in mid-span. Transducers 11�15. 
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Appendix G: Determining torque from 
measured results 

 
Consider a beam with length L, supported at both ends and subjected to a concentrated 
torque Pe at a distance of a from its one end, see Fig. 1. Assume that the supports allow 
some rotation around the longitudinal centroidal axis of the beam. The twisting is 
governed by 
 
 ΘGIM tt =  (1) 
 
where G = 0.5E/(1+ν) and It denote the shear modulus and torsion modulus, 
respectively, and ν = 0.15 denotes Poisson's ratio. Θ  is defined by 
 

dx
dΘ φ

=  (2) 

 
where φ denotes the angle of twist and x is the coordinate measured along the axis of the 
twisted member.  

e

P

a

L-a

b
x

Positive sense of M : 

φ

t

 
 

Fig. 1.  Twisted member. Rotation φ is measured at x = 0, x = b and x = L. 

 



 

G 2

( ) 1, CxMGI att += −φ  when ax ≤≤0  (3) 

( ) 2, CxMGI att += +φ  when Lxa ≤≤  (4) 
 

where C1 and C2 are integration constants and Mt,a- and Mt,a+ are the torques for x < a 
and x > a, respectively. If rotation φ is measured at x = 0 (φ0), x = a (φa) and x = L (φL), 
the unknown parameters can be solved from the boundary conditions 

( ) 1,0 0 CMGI att += −φ   (5) 

( ) 1, CaMGI atat += −φ  (6) 

( ) 2, CaMGI atat += +φ   (7) 

( ) 2, CLMGI atLt += +φ   (8) 

PeMM atat += +− ,,   (9) 

 
For example 

00
, φφφφφφ −

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

−
−
−

+
aaaL

at
aPeaaLM  (10) 

and from Eq. 1 

( )
⎟
⎠
⎞

⎜
⎝
⎛

−
−

= +

aL

M
GI

La

at
t φφ

,  (11) 

 
are obtained. In case the rotation is not measured at x = a but at x = b (φb) as in Fig. 1, 
the rotation at x = a is calculated from 
 

 ( )LbLa bL
aL φφφφ −

−
−

+=  (12) 

 
If the ends of the beams cannot rotate, Eqs 10 and 9 give 

L
aPeM at =+,  (13) 

 
and  

 

L
aLPeM at

−
=−,  (14) 
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Appendix H: Design of supporting beams in tests 
ST200E1M, ST200E2M and ST400E1M 
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Fig. 1.  Supporting beams in test ST200E1M. The target grade of concrete was K30. 
d 10 refers to reinforcing bars with diameter 10. 
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Fig. 2.  Supporting beams in test ST200E2M. The target grade of concrete was K30. 
d 10 refers to reinforcing bars with diameter 10. 
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Fig. 3.  Supporting beams in test ST400E1M. The target grade of concrete was K30. 
d 10 and d 16 refer to reinforcing bars with diameter 10 and 16 mm, respectively. 
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Appendix I: Elasticity of neoprene strips 
To determine the elastic properties of the neoprene strips, a test specimen with thickness 
10 mm and loaded area 80x500 mm2 was compressed with a testing machine. The strip 
was placed between two stiff steel plates. To measure the inner behaviour of the testing 
machine, the same test was carried out without neoprene. The results of both tests are 
shown in Fig. 1 below. The horizontal difference between the two curves represents the 
change in thickness of the neoprene strip.  
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Fig. 1.  Load vs. change in thickness of neoprene strip in compression test. 
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