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Preface 

 
 
This study has been carried out within COIN - Concrete Innovation Centre - one of presently 14 
Centres for Research based Innovation (CRI), which is an initiative by the Research Council of 
Norway. The main objective for the CRIs is to enhance the capability of the business sector to 
innovate by focusing on long-term research based on forging close alliances between research-
intensive enterprises and prominent research groups. 
 
The vision of COIN is creation of more attractive concrete buildings and constructions. 
Attractiveness implies aesthetics, functionality, sustainability, energy efficiency, indoor climate, 
industrialized construction, improved work environment, and cost efficiency during the whole 
service life. The primary goal is to fulfil this vision by bringing the development a major leap 
forward by more fundamental understanding of the mechanisms in order to develop advanced 
materials, efficient construction techniques and new design concepts combined with more 
environmentally friendly material production.  
 
The corporate partners are leading multinational companies in the cement and building industry 
and the aim of COIN is to increase their value creation and strengthen their research activities in 
Norway. Our over-all ambition is to establish COIN as the display window for concrete innovation 
in Europe. 
 
About 25 researchers from SINTEF (host), the Norwegian University of Science and Technology - 
NTNU (research partner) and industry partners, 15 - 20 PhD-students, 5 - 10 MSc-students every 
year and a number of international guest researchers, work on presently 5 projects: 
 
• Advanced cementing materials and admixtures 
• Improved construction techniques 
• Innovative construction concepts 
• Operational service life design 
• Energy efficiency and comfort of concrete structures 
 
COIN has presently a budget of NOK 200 mill over 8 years (from 2007), and is financed by the 
Research Council of Norway (approx. 40 %), industrial partners (approx 45 %) and by SINTEF 
Building and Infrastructure and NTNU (in all approx 15 %). 
 
For more information, see www.coinweb.no 
 
 
 
 
 

 
 

Tor Arne Hammer 
Centre Manager 
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Summary 

 
A Round-Robin test program (inter-laboratory study) on energy absorption capacity of round 
panels is presented. The panels were tested according to the procedure described in Norwegian 
Concrete Associations Publication no. 7, 2011 (NB 7:2011). Four laboratories participated in the 
program: 
 

o SINTEF Building and Infrastructure, Trondheim (SINTEF-T) 
o SINTEF Building and Infrastructure, Oslo (SINTEF-O) 
o Mannvit Testing and Research Lab, Island  (MANNVIT) 
o Norwegian Public Roads Administration, Sentrallaboratoriet, Oslo (NPRA) 

 
 
20 steel fibre reinforced round panels were cast from one single batch of concrete at SINETF-T. 
The panels were distributed to the three other laboratories, and each laboratory received and tested 
5 panels. Testing age for the panels (diameter 600 mm, thickness 100 mm) was 92 days after 
batching. Standard 28-days compressive cube strength of the tested m=0.45 steel fibre reinforced 
concrete was 57.8 MPa.  
 
The fibre distribution through the batched 680 litres volume was measured to be very satisfactory; 
probably related to the fact that the fibres were added directly into the mixer and with thorough 
mixing after the addition. 
 
The within-lab (repeatability) COV for energy absorption capacity from five panels at each lab 
varied from 5.5% to 12.2%, and overall average within-lab COV among the four labs was 9.0%. 
The between-lab variation among the average energy absorption capacity results from each lab was 
low; the COV was only 4.5%. An estimate on the between-lab reproducibility corresponds to a 
COV of 10.1 %. These COV-values are in the same range as previous results reported in the 
literature and must therefore be considered normal and satisfactory. 
 
Among the four labs the average energy absorption capacity varied from 824 Joule to 918 Joule. A 
typical result from each lab can be expected to be represented by the average result ± the standard 
deviation (i.e. a confidence interval of 68%). In such case the results overlap, leading to the simple 
conclusion that the differences among the labs are insignificant.  
 
A panel test is normally reported as the average result of three panels, which is in accordance with 
NB 7:2011. The present Round-Robin involved five panels at each lab. It appears therefore relevant 
to consider the ten different combinations of three and three panels that are possible among the five 
panels. For example, it is notable that for the lab with the highest overall average result (among 
five panels) all ten average results from the combinations of three and three panels are larger than 
all the ten combinations from the lab with the lowest overall average result (among five panels). It 
can be suspected that some of the differences in average results that are seen are of more general 
character rather than coincidental, but the answer to this could only be found by further Round-
Robin tests.  
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1 Introduction 
 
The report presents a Round-Robin test program involving four laboratories (labs). Energy 
absorption capacity of fibre reinforced round panels have been tested according to the new test and 
analysing procedure described in Norwegian Concrete Associations Publication no. 7, 2011 (NB 
7:2011) [1]. The objective was to gain experience with the new method and to get documentation 
on variability.  
 
Participating labs were: 

o SINTEF Building and Infrastructure, Trondheim (SINTEF-T) 
o SINTEF Building and Infrastructure, Oslo (SINTEF-O) 
o Mannvit Testing and Research Lab, Island  (MANNVIT) 
o Norwegian Public Roads Administration, Sentral lab, Oslo (NPRA). 

 
This is a study on the method as such; the panels, totally 20, were therefore cast (and not sprayed) 
from one single concrete batch at SINTEF-T in order to minimize variability during sampling. 
Each lab tested five panels. 
 
Within-lab testing variation (repeatability) and between-lab testing variation (reproducibility) have 
been evaluated and compared to results from the literature. The statistical evaluation has been done 
with a look to some standards treating accuracy of measurement methods, ISO5725-1:1994 [2], 
ISO 5725-2 [3] and NS-EN 932-6 [4]. 
 
 

2 Concrete mixing, casting, fresh concrete, strength 
 

2.1 Mixing, fresh concrete, casting and numbering of panels 

 
The used steel fibre reinforced concrete recipe is a quite typical one for Norwegian sprayed 
concrete applications. To minimize variability during sampling and to avoid batch-to-batch 
variation all specimens were cast traditionally (and not sprayed) from one single batch. Mixing and 
casting was done at SINTEF-T. 20 round panel moulds (inner dimensions: Ø600 mm and thickness 
100 mm) were collected from SINTEF-T and SINTEF-O. 
 
A 30 litre trial batch was mixed first to find adequate amount of superplastiziser and slump level. 
After that a batch of 680 litres was made for the Round-Robin test program. The nominal concrete 
mix has a w/(c+2s)-ratio of 0.45, 4% silica fume and 0.4 vol% (30.4 kg) steel fibre. Final adjusted 
concrete mix proportions (adjusted for actual air content, density, amount of plastiziser) are given 
in Table 1, also including fresh concrete measurements. 
 
Standard SINTEF mixing procedure was used for all conventional constituents. Finally the steel 
fibres were added gradually during mixing. When all fibres were in the mix, the mixing was 
continued for several minutes more to ensure good homogenization. 
 
20 panels were cast with use of a concrete scip and a wheelbarrow. One by one panel was cast, 
screened and numbered according to its place in the casting sequence. After finishing all panels 
they were covered with a plastic sheet, see Figure 1. During the casting of panels, three fresh 
concretes samples of 8 litres each were collected for control of fibre content and fibre distribution, 
see Figure 2. Three 100 mm cubes were also cast for standard testing of 28-days compressive 
strength. 
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Table 1 Concrete mix proportions and fresh concrete measurements 
 Type Kg/m3 
Cement Norcem Standard FA – CEM II/A-V 42,5 R 500 
Microsilika Elkem 20 
Water (w/(c+2s)=0.454) 245.4 
Sand 0-8 mm Årdal 1478 
Superplastiziser Dynamon SX-N 4,4 
Steel fibre Dramix 65/35 31 
 Measured air content 3,5% 
 Measured density 2280 kg/m3 
 Measured slump 230 mm 
 Fibre content and fibre distribution See next chapter 
 

 
A) 680 litres Round Robin batch 
 

 
B) Gradually adding fibres while mixing 
 

 
C) Casting with scip and wheelbarrow 
 

 
D) Screening of test panels 

 
E) Numbering of panels and plastic sheet cover 
for curing until de-moulding 

 

 
Figure 1 Pictures taken during mixing and casting (A - E) 
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Figure 2 Overview of casting sequence (corresponds to panel number), time of fibre measurements and 
type of panel moulds. 

 
The last litres of concrete was used to cast an extra panel (number 21), but this one got less 
thickness (83 mm thick) due to lack of concrete. This panel is not part of the evaluation, even 
though it was tested. 
 
 

2.2 Fibre content and fibre distribution 

 
The three single measurements of fibre content during casting of panels (early, middle and late in 
the casting sequence) are shown in Table 2. It can be seen that the deviation from the nominal fibre 
content of 31 kg is quite small for all three samples and that the measured average fibre content 
was 30.2 kg, which is only -2.7% from the nominal. The sampling was done with the 8 litres 
container for measuring air content, and then poured into larger buckets. Each concrete sample was 
poured in portions on to a 2 mm sieve where the binder phase/fines was washed out leaving fibres 
and course aggregates on the sieve. The fibres were then collected by use of a magnet, see Figure 3. 
In the end the procedure was repeated to collect the few fibres that had passed the sieve together 
with the binder during the first round. The three samples with extracted fibres were stored in air for 
drying until the next day when the weight of fibres was measured. 
 



R o u n d  R o b i n  T e s t  p r o g r a m  o n  E n e r g y  A b s o r p t i o n  C a p a c i t y  o f  R o u n d  P a n e l s  a c c o r d i n g  
t o  N o r w e g i a n  C o n c r e t e  A s s o c i a t i o n s  P u b l i c a t i o n  n o .  7 : 2 0 1 1   

 9 

Table 2 Fibre content measurements 

 
 
 
 

 

Figure 3 Fibre measurement of a 8 litre sample; 2 mm sieve, washing and steel fibre collection with 
magnet 

 

2.3 28-days compressive strength 

 
Average 28-days compressive strength among the three 100 mm cubes was 57.8 MPa, and the 
average density among the same cubes was 2290 kg/m3. It is notable that the panel tests described 
in the following chapters was done after 92 days, consequently the actual compressive strength of 
the panels at testing was somewhat higher; probably around 65 MPa (considering the used cement). 
 
 
 

3 Packing, shipment and distribution of panels 
 
After 6 days of curing in the SINTEF-T laboratory the panels were de-moulded and packed for 
shipment. The panels were covered with wet burlap sacks and outward plastic sheets. Each 
laboratory was to receive 5 panels, and the panels for each lab were picked as to cover as much of 
the casting sequence as possible. The panels were distributed as follows:  
 

SINTEF-T:  3, 7, 10, 15, 20  (not shipped; only stored) 
SINTEF-O:  2, 6, 11, 14, 18 (21)    
Mannvit:  4, 8, 9, 16, 17  
NPRA:  1, 5, 12, 13, 19  

 

Meas. Sample Tot. Weight of Weight of Weight of Concrete Fibre Deviation
No. volume weight container sample fibres density content from 31 kg Average Std.dev. COV

[l] [kg] [kg] [kg] [g] [kg/l] [g/l] nominal [g/l] [g/l] [-]

1 7,988 22,811 4,632 18,179 250,9 2,28 31,41 0,41 %

2 7,988 22,742 4,632 18,110 263,2 2,27 32,95 1,95 % 30,2 3,6 11,9 %

3 7,988 22,778 4,632 18,146 208,6 2,27 26,11 -4,89 % (-2.7%)

Fiber content, average
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Note that panel 21 (SINTEF-O) with deviating thickness (83 mm) is not included in the 
evaluations, as stated earlier. After receiving the package of panels at the various labs, the panels 
were stored as received for a period. After 32 days concrete age the panels were unpacked in all 
laboratories and water cured until testing. The actual test dates varied from 90 to 92 days among 
the labs. In any case, the test dates were close and the concrete maturity is high. It should therefore 
have no significance to the results, and this issue is not dealt with further. The treatment of the 
panels is summarized in Table 3.  
 

Table 3 Coordinated treatment and testing of panels 

 
 
 
 

4 Test and analysing procedure - Energy absorption capacity  
 
Dimensions and example of test set-up are given in Figure 4 and Figure 5. Nominal panel diameter 
and thickness are 600 mm and 100 mm, respectively. The test- and analysing procedure was done 
according to NB 7: 2011. 
 
The test procedure is briefly as follows: 
1) The test panel is removed from the water bath. The panel shall be moist during testing.  
2) The diameter of the test panel is measured using a ruler.  
3) The thickness of the test panel is measured at 6 locations along the rim using a slide gauge. 
4) Abnormalities or faults with the test panel shall be registered and noted in the test report.  
5) The test panel is placed in the testing rig with its moulded/smooth surface directly on the steel 
support ring and centred. No bedding material shall be used in between the test panel and the 
support.  
6) A circular, steel loading block with a diameter of 100 mm and minimum thickness of 20 mm is 
placed concentrically on the panel’s rough surface. 
7) The displacement transducer (with swivel plate) is set up and centred beneath the panel (against 
smooth/moulded side). 
8) The test can start.  The load is displacement controlled at a constant rate of 3 mm/min (± 0.3 
mm/min). The load and deflection signal shall be continuously recorded. The test is finished when 
the central deflection reaches 30 mm.  
9) After testing, the test panel is removed from the test rig and turned over. The number of cracks 
on the panel’s underside is recorded.  
 
The analysing procedure is as follows: 
From each test the area AP-Δ under the load-displacement curve up to the limit displacement m = 25 
mm x kt (=correction factor for thickness) is calculated. The Energy absorption (Eabs) from the test 
is then calculated by multiplying AP-Δ with the factor tk  and with the factor fk (=correction factor 

for friction). 

Date Concrete age

Concrete mixing and casting 31.03.2011 0

Packing/shipment 06.04.2011 6

Water curing 02.05.2011 32

Testing of panels I 29.06.2011 90

Testing of panels II 30.06.2011 91

Testing of panels III 01.07.2011 92
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Equation 1   

Where   

 
 
Symbol explanation 
Energy absorption from the panel test: Eabs 
Accumulated area under the load-displacement curve up to 
the limit displacement  Δm: 

AP-Δ 

Nominal panel thickness: t0 = 100 mm 
Measured average panel thickness (mm): t 

Correction factor for thickness:   

Limit displacement:   

Displacement (mm):  
Load (kN): P 

Correction factor for friction against the support: = 0.75 

 
 
 
 

 
 

Figure 4 Round panel tests: Dimensions 
(mm). The steel supporting ring is the 
dashed line.  Ref. NB 7: 2011 

 

 
 
 
 
 
 

 
Figure 5 Round panel test: Example of test set-up. Ref. NB 
7:2011 
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5 Round panel tests - results and discussion 
 

5.1 General 

 
In the following presentation of results, the different labs are denoted Lab1 to Lab4, according to: 

SINTEF-T:  Lab1 
SINTEF-O:  Lab2 
Mannvit:  Lab3 
NPRA:  Lab4 

 
Statistical expressions and parameters are given in some standards, for instance [2]. The most 
relevant ones are listed and briefly dealt with below as an introduction to the following sections.  
 
Accuracy of a measuring method is divided into trueness and precision.  
- Trueness is of interest when a true value of a property is known. In our case neither a true value of 
the energy absorption capacity of the concrete is known, nor is there an accepted reference value. 
The trueness is therefore a subject which is not relevant in the present study. 
- Precision is linked to the variability/random error inherent in every measurement procedure used 
to perform tests under presumably identically circumstances. Precision is therefore the subject of 
discussion here. Precision is divided into the two terms repeatability and reproducibility, the two 
terms is explained below.  
 
Many factors may influence precision, i.e. contributing to the variability of results from a 
measuring method: 
 

a)  sampling error/variability among the samples.  
Concrete is an inhomogeneous material and some inherent variations are avoidable.  

 
b)  the operator 
c)  the equipment used 
d)  the calibration of the equipment 
e)  the environment (temperature, humidity, etc) 
f)  the time elapsed between measurements 

 
The variability connected to factor a) is presumably minimized as all round panels were mixed and 
cast from one single batch of concrete under controlled laboratory conditions. After each lab 
received sets of panels from this batch the panels were presumably stored similarly until testing. 
Potentially the different transport methods and -time (road/boat transport) could have had an effect 
on the panels, but any such affect is, however, unknown. 
 
Under repeatability conditions factors b) to f) are generally constant and do not contribute to 
variability. For this condition (should be relevant within the same lab) the standards operate with 
the term within-laboratory variance, and in the following the term “within-lab variation” is used, 
referring to this condition. 
 
Under reproducibility conditions the same factors b) to f) may vary and contribute to the 
variability. This condition typically applies for inter-laboratory studies, and the term between-
laboratory variance is used in the standards. In the following the term “between-lab variation” is 
used, referring to this condition.  
 
Since average energy absorption capacity results from the labs vary it is convenient to use the 
coefficient of variation (COV) as the main measure of variability instead of variance and standard 
deviation.  
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5.2 Measurements of panel thickness and diameter 

 
The measurements of panel thickness and diameter are given in APPENDIX 1. Measured average 
dimensions for each panel were very close to the intended dimensions of Ø600 mm and t=100 mm. 
And, for each panel the standard deviation among the measurements were small. An example of a 
panel thickness measurement is shown in Figure 6. 
 

 

Figure 6 Example of panel thickness measurement with slide gauge 

 

5.3 Energy absorption capacity results, within-lab and between-lab variation 

 
 
5.3.1 Introduction to the evaluation  
 
All energy absorption capacity results and curves are presented versus normalized displacement 
axes when it comes to panel thickness (i.e. the displacement record in each test has been divided by 
the correction factor for thickness kt). Hence, results in figures and tables can be compared directly 
at any given displacement level. The raw data record from every panel test is given in APPENDIX 
2, pictures of panels after testing is given in APPENDIX 3 and out-prints from the Excel evaluation 
spread sheet is given in APPENDIX 4.  
 
Based on thousands of sets of 2 and 3 ASTM C1550 round panels [8] it has been shown that such 
tests are normal distributed about the arithmetic mean (average). We assume that the ASTM C1550 
method represents the same statistically features as the present NB 7:2011 round panel method.  
 
For the present Round-Robin, according to [4], the scatter among the 5 single test results at each 
lab is within specified ranges so that the test results from each lab can be represented by an average 
result (with a standard deviation and coefficient of variation COV).  
 
 
5.3.2 Within-lab variation (repeatability) 
 
Table 4 and Figure 7 shows average energy absorption capacity (i.e. accumulated energy uptake up 
to 25 mm normalized displacement) for each set of 5 panels from the various labs. Average 
accumulated energy uptake with displacement at each lab is shown in Figure 8. As can be seen, the 
average energy absorption capacity (25 mm) varied from 824 Joule to 918 Joule among the labs, 
and the (within-lab) standard deviation varied from 45 to 105 Joule, corresponding to (within-lab) 
COVs varying from 5.5% to 12.2%. Overall average (within-lab) COV among the labs is 9.0%. 
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These numbers for COV must be regarded as normal considering previous results from Norway [5] 
and internationally [6]. As discussed in [5], among 52 individual sets tested at NPRA (most of them 
from different batches) the standard variation range for COV was 2.7% to 14.3% and the average 
COV among the all individual sets was 8.5%. In a previous Round-Robin test program in COIN [7] 
on ASTM C1550 panels (somewhat different method, but very comparable), involving 4 labs, the 
COVs among 19 individual sets of 4 panels varied from 6% to 22%, and overall average COV was 
12.0%. And, in [8], involving two Round-Robin programs (four and six labs participated, 
respectively), ten concrete mixes and nearly 500 ASTM C1550 round panels, the within-lab COVs 
were in the range 10-12%. 
 

Table 4 Average energy absorption capacity up to 25 mm (normalized) displacement for each lab, and 
within-lab variation in terms of standard deviation and COV 

 
 

 
 
Figure 7 Average Energy absorption capacity (25 mm) from each lab with corresponding ± standard 
deviation indicated. Note energy axis from 700-1000 Joule.  
 
A test result, according to NB 7:2011, is the average of (normally) 3 panels. In this study 5 panels 
were tested at each lab, and thus is the basis for the within-lab average result, standard deviation 
and COV. It is notable that the variation for 5 panels will on average be somewhat higher than for 3 
panels [9]. This phenomenon is linked to the expectation that the expected value of a sample 
deviation is less than the standard deviation of the whole population. It will be shown below that 
the present data are in line with this phenomenon.  
 
If we consider all combinations of 3 and 3 panels among the 5 tested panels at each lab we have 10 
possible combinations. For each of the combinations (sets) of 3 panels we can calculate the average 
energy absorption capacity (see Figure 9) and COV (see Figure 10). For each lab the average COV 
of these 10 combinations becomes as follows: Lab1=7.1%, Lab2=11.0%, Lab3=5.1% and 
Lab4=10.5%. We can see that these average COV-values based on 3 and 3 panels are slightly lower 
than the COVs in Table 4 based on all 5 panels, as expected. Furthermore, the combination of 3 
panels giving the lowest COV (see Figure 10) for each lab is 0.9%, 3.2%, 2.1% and 5.3%, 
respectively for Lab 1 to Lab 4. Correspondingly, the combination of 3 panels with highest COV is 

Energy absorption capacity
(average of 5 panels)

Within-lab
Standard deviation

Within-lab
COV

[Joule] [Joule] [-]

Lab1 918 68 7,4 %

Lab2 864 105 12,2 %

Lab3 824 45 5,5 %

Lab4 882 98 11,1 %

Average = 79,0 Average = 9.0%

Lab. No
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8.5%, 17.1%, 7.5% and 15.7%, respectively for Lab 1 to Lab 4. All these COVs must be regarded 
normal values for sets of 3 and 3 panels considering previous experience. 
 

 

Figure 8 Energy uptake vs. displacement (normalized with regard to panel thickness), average result at 
each lab. 

 
Figure 9 Average Energy absorption capacity (25 mm) for the 10 combinations of 3 and 3 panels 
among the 5 tested panels at each lab. Note energy axis from 700-1000 Joule 
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Figure 10 COV for the 10 combinations of 3 and 3 panels among the 5 tested panels at each lab 
 
The sixth panel tested at Lab2 (panel no. 21) is not included in the results and evaluation since it 
was a deviating panel with a thickness of only 83 mm. It is however interesting to note that the test 
result from panel 21 still corresponds well with the results from the other five (normal) panels close 
to 100 mm thick. The result from panel 21 was naturally also corrected for panel thickness and 
friction, as described in the results analysing procedure in NB 7:2011 (see APPENDIX 2 and 
APPENDIX 4 for panel 21 test results). 
 
 
5.3.3 Between-lab variation (reproducibility) 
 
Key numbers regarding between-lab variability is given in Table 5. Comparing simply the average 
results from each lab (within-lab average results) it can be seen that the overall average energy 
absorption capacity for all labs was 872 Joule, the between-lab standard deviation is 39 joule, 
which represents a COV of only 4.5 %.  
 
According to [3], the estimate of reproducibility variance  shall be calculated as follows: 
 

Equation 2   

 
   where: 

 is the estimate of the between-lab variance and 
 is the arithmetic mean of the within-lab variance of the labs 

 
As the standard deviation is the square root of the variance we have that = 39 Joule and  = 79 
Joule (taken from the previous section), hence we get the following numbers in Equation 2:	  = 
392 + 792; thus (the reproducibility standard deviation) becomes 88 Joule. If we then divide 
	by the overall average energy absorption capacity 872 Joule we get a COV of 10.1 %, which 

then is an estimate of COV for the reproducibility of results between the labs. 
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Table 5 Average energy absorption capacity (25 mm) at each lab and between-lab variability 

 
 
The previous Round-Robin in COIN [7] (discussed earlier) showed between-lab COVs from 10% 
to 15% among average results of nominally identical sets of panels, and overall average between-
lab COV was 13.2%. In [8] (also discussed) the average between-lab COV was 8.7%. Hence, the 
variation expressed in Table 5 for the present results must be regarded satisfactory in the way that it 
is clearly no higher than what could be expected.  
 
Furthermore, it is notable that the difference between highest and lowest average energy absorption 
capacity is 94 Joule among the labs. Let us again divide the 5 panels at each lab into the 10 possible 
combinations (sets) of 3 and 3 panels. It is notable that for Lab1 (with highest overall average) the 
average energy absorption capacity (see Figure 9) for each of all 10 combinations is larger than the 
average for all combinations of 3 panels for Lab3 (with lowest overall average). It is also notable 
that Lab2, having the highest within-lab COV (see Table 4 and Section 5.4), has both the highest 
and the lowest single panel result of all labs. And Lab4, with second highest within-lab COV, has 
highest/lowest single panel result very close to Lab2.  
 
As additional information the average numbers for maximum load and residual load within each 
lab is shown in Table 6, as well as the between-lab variation. These nimbers are not dealt with 
further. More details for single lab results are given in the following sections. 
 

Table 6 Average maximum load, displacement at maximum load and residual load at 25 mm within 
each lab, as well as between-lab variation. 

 
 
 
5.3.4 All 20 panels evaluated as one group 
 
As an extra exercise, all panels have been evaluated as one group in the following, see Figure 11. 
When all 20 panel tests are treated as one large group (set) we get the following results: Average 
energy absorption capacity (25 mm) is 872 Joule, standard deviation is 83 Joule, and COV is 9.6%. 
We note that the COV for all 20 panels is slightly higher than the within-lab average COV (9.0%, 
see Table 4) based on the sets of 5 and 5 panels. This can be explained by the fact that the standard 
deviation has a tendency to increase with the number of samples, as discussed previously. Finally, 
Figure 12 shows the energy absorption capacity (25 mm) for all single panel tests. The figure 
displays no systematic effect of the casting sequence (reflecting the panel number) on the result.   

Energy absorption capacity
(average of 5 panels)

[Joule]

Lab1 918

Lab2 864

Lab3 824

Lab4 882
Overall average: 872

Std.dev. of between-lab average: 39
COV of between-lab average: 4,5 %

Std.dev. (reproducibility) according to Equation 2: 88
COV (reproducibility) according to Equation 2: 10,1 %

Lab. No

Maximum load (kN) 86 77 75 81 80 4,5 5,7 %

Displ. at max. load (mm) 3,1 1,9 2,3 2,7 2,5 0,5 20,1 %

Residual load at 25 mm (kN) 28 27 26 26 27 1,0 3,6 %

Record Lab1
Between-lab

COV
Lab2 Lab3 Lab4

Average
all labs

Between-lab
Std.dev.
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Figure 11 Energy uptake vs. displacement for all single panel tests 

 

 
Figure 12 Energy absorption capacity (25 mm) for all single panel tests. Note energy axis from 600-
1100 Joule  
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5.4 Single round panel test results; lab-by-lab 

 
5.4.1 Results Lab1 
 
 

Table 7 Energy uptake and load results, Lab1 

 
 
 
 

 
 
 
 
 

 

Figure 13 Energy uptake vs. displacement for the 5 panels tested in Lab1 

  

Lab1 Energy uptake (J)

Displ. [mm] Panel 3 Panel 7 Panel 10 Panel 15 Panel 20 Average Std.dev. COV

1,0 21 14 4 27 23 18 9,2 52,1 %

3,0 122 133 106 117 112 118 10,3 8,7 %

5,0 226 257 234 219 236 234 14,2 6,0 %
10,0 444 503 488 435 511 476 34,7 7,3 %
15,0 604 689 686 608 706 658 48,4 7,4 %
20,0 731 837 842 745 853 801 58,8 7,3 %
25,0 835 957 972 854 971 918 67,6 7,4 %

Lab1 Load

Panel 3 Panel 7 Panel 10 Panel 15 Panel 20 Average Std.dev. COV

Maximum load (kN) 78 92 94 75 89 86 8,8 10,3 %

Displ. at max. load (mm) 1,8 2,7 3,2 3,0 4,6 3,1 1,0 33,1 %
Residual load at 25 mm (kN) 26 29 32 27 29 28 2,2 7,8 %
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5.4.2 Results Lab2 
 
 

Table 8 Energy uptake and load results, Lab2 

 
 
 
 

 
 
 
 
 

 

Figure 14 Energy uptake vs. displacement for the 5 panels tested in Lab2 

  

Lab2 Energy uptake (J)

Displ. [mm] Panel 2 Panel 6 Panel 11 Panel 14 Panel 18 Average Std.dev. COV

1,0 44 44 41 29 23 36 9,4 26,1 %

3,0 144 143 177 126 110 140 25,1 17,9 %

5,0 244 241 305 222 212 245 35,9 14,7 %
10,0 452 452 551 419 411 457 55,7 12,2 %

15,0 617 614 749 577 554 622 75,9 12,2 %
20,0 748 745 907 707 663 754 92,2 12,2 %
25,0 860 854 1038 812 758 864 105,5 12,2 %

Lab2 Load

Panel 2 Panel 6 Panel 11 Panel 14 Panel 18 Average Std.dev. COV

Maximum load (kN) 78 75 95 70 70 77 10,3 13,3 %

Displ. at max. load (mm) 0,9 1,5 1,2 1,8 4,2 1,9 1,3 68,6 %
Residual load at 25 mm (kN) 28 28 32 25 23 27 3,4 12,3 %
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5.4.3 Results Lab3 
 
 

Table 9 Energy uptake and load results, Lab3 

 
 
 
 

 
 
 
 
 

 

Figure 15 Energy uptake vs. displacement for the 5 panels tested in Lab3 

 
  

Lab3 Energy uptake (J)

Displ. [mm] Panel 4 Panel 8 Panel 9 Panel 16 Panel 17 Average Std.dev. COV

1,0 20 26 24 32 32 27 4,9 18,5 %

3,0 122 119 135 128 133 127 7,1 5,6 %

5,0 224 215 248 225 236 230 12,9 5,6 %
10,0 443 398 477 433 433 437 28,4 6,5 %

15,0 602 540 639 593 581 591 35,8 6,1 %
20,0 728 660 771 725 701 717 40,7 5,7 %
25,0 832 761 884 836 804 824 45,2 5,5 %

Lab3 Load

Panel 4 Panel 8 Panel 9 Panel 16 Panel 17 Average Std.dev. COV

Maximum load (kN) 77 70 84 72 73 75 5,6 7,4 %

Displ. at max. load (mm) 1,8 2,5 2,2 1,9 2,9 2,3 0,5 19,9 %
Residual load at 25 mm (kN) 26 25 28 28 26 26 1,1 4,3 %
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5.4.4 Results Lab4 
 
 

Table 10 Energy uptake and load results, Lab4 

 
 
 
 

 
 
 
 
 

 

Figure 16 Energy uptake vs. displacement for the 5 panels tested in Lab4 

 
  

Lab4 Energy uptake (J)

Displ. [mm] Panel 1 Panel 5 Panel 12 Panel 13 Panel 19 Average Std.dev. COV

1,0 15 14 19 14 14 15 2,1 13,7 %

3,0 124 119 122 137 101 120 12,7 10,5 %

5,0 235 216 230 269 208 231 23,4 10,1 %
10,0 449 422 464 553 445 466 50,6 10,9 %

15,0 602 570 647 763 625 641 73,7 11,5 %
20,0 719 680 791 910 767 774 87,4 11,3 %
25,0 820 768 909 1026 885 882 97,9 11,1 %

Lab4 Load

Panel 1 Panel 5 Panel 12 Panel 13 Panel 19 Average Std.dev. COV

Maximum load (kN) 77 75 83 96 73 81 9,2 11,4 %

Displ. at max. load (mm) 2,7 1,4 1,9 3,6 3,9 2,7 1,1 39,6 %
Residual load at 25 mm (kN) 25 22 27 28 29 26 3,0 11,2 %
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6 Conclusion 
 
The within-lab (repeatability) COV for energy absorption capacity from five panels at each lab 
varied from 5.5% to 12.2%, and overall average within-lab COV among the four labs was 9.0%. 
The between-lab variation among the average energy absorption capacity results from each lab was 
low; the COV was only 4.5%. An estimate on the between-lab reproducibility corresponds to a 
COV of 10.1 %. These COV-values are in the same range as previous results reported in the 
literature and must therefore be considered normal and satisfactory. 
 
Among the four labs the average energy absorption capacity varied from 824 Joule to 918 Joule. A 
typical result from each lab can be expected to be represented by the average result ± the standard 
deviation (i.e. a confidence interval of 68%). In such case the results overlap, leading to the simple 
conclusion that the differences among the labs are insignificant.  
 
A panel test is normally reported as the average result of three panels, which is in accordance with 
NB 7:2011. The present Round-Robin involved five panels at each lab. It appears therefore relevant 
to consider the ten different combinations of three and three panels that are possible among the five 
panels. For example, it is notable that for the lab with the highest overall average result (among 
five panels) all ten average results from the combinations of three and three panels are larger than 
all the ten combinations from the lab with the lowest overall average result (among five panels). It 
can be suspected that some of the differences in average results that are seen are of more general 
character rather than coincidental, but the answer to this could only be found by further Round-
Robin tests.  
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APPENDIX 1 Measurements of panel thickness and diameter 
 

 
 
 

 
 
 

Laboratory: SINTEF Byggforsk - Trondheim
Test date: 30.06.2011

7 10 15 20 3
103 102 101 101 98

Panel 100 102 99 102 98
thickness 101 102 102 103 102

103 102 103 102 100
103 103 102 102 100
102 102 101 100 100
100 103 99 103 101 All All
103 103 102 102 98 Average Std.dev COV

Average 101,9 102,4 102,0 101,9 99,6 101,6 1,1 1,08 %
Highest 103,0 103,0 103,0 103,0 102,0
Lowest 100,0 102,0 99,0 100,0 98,0
Std.dev 1,4 0,5 1,5 1,0 1,5

7 10 15 20 3
Panel 602 602 603 597 600
diameter 598 600 598 595 602 All All

600 600 600 595 598 Average Std.dev COV
Average 600,0 600,7 600,3 595,7 600,0 599,3 2,1 0,35 %
Highest 602,0 602,0 603,0 597,0 602,0
Lowest 598,0 600,0 598,0 595,0 598,0
Std.dev 2,0 1,2 2,5 1,2 2,0

Panel no.

Laboratory: SINTEF Byggforsk - Oslo
Test date: 01.07.2011

2 6 11 14 18
102 100 102 102 107

Panel 100 101 102 102 105
thickness 98 100 103 104 106

98 101 103 103 107
99 102 104 103 106 All All

100 101 104 102 107 Average Std.dev COV
Average 99,3 100,8 103,0 102,6 106,3 102,4 2,6 2,57 %
Highest 101,6 102,0 104,0 104,0 107,0
Lowest 97,5 100,0 102,0 101,6 105,0
Std.dev 1,4 0,8 0,9 0,9 0,8

2 6 11 14 18
Panel 600 599 600 599 597
diameter 600 601 598 598 596 All All

603 601 601 600 599 Average Std.dev COV
Average 601,0 600,3 599,7 599,0 597,3 599,5 1,4 0,23 %
Highest 603,0 601,0 601,0 600,0 599,0
Lowest 600,0 599,0 598,0 598,0 596,0
Std.dev 1,7 1,2 1,5 1,0 1,5

Panel no.
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Laboratory: MANNVIT
Test date: 30.06.2011

All All
4 8 9 16 17 Average Std.dev COV

Av. panel thickness 100 102 103 100 101 101,2 1,3 1,29 %
Av. panel diameter 601 600 602 599 596 599,6 2,3 0,38 %

Panel no.

Laboratory: NPRA
Test date: 29.06.2011 and 01.07.2011

1 5 12 13 19
103 103 102 102 101

Panel 102 100 103 103 99
thickness 102 100 104 102 101

101 101 103 100 100
99 102 103 103 101
103 103 102 103 102 Average Std.dev COV

Average 101,6 101,3 102,7 102,3 100,7 101,7 0,8 0,78 %
Highest 103,0 103,0 103,7 103,3 101,8
Lowest 98,5 99,5 101,6 100,2 99,2
Std.dev 1,6 1,4 0,7 1,2 0,9

1 5 12 13 19
Panel 600 602 605 603 594
diameter 602 596 599 600 596

602 598 599 597 595 Average Std.dev COV
Average 601,3 598,7 601,0 600,0 595,0 599,2 2,6 0,43 %
Highest 602,0 602,0 605,0 603,0 596,0
Lowest 600,0 596,0 599,0 597,0 594,0
Std.dev 1,2 3,1 3,5 3,0 1,0

Panel no.
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APPENDIX 2 Raw data records from the panel tests 
(the curves below are not corrected for thickness and friction) 
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APPENDIX 3 Pictures of the panels after testing 
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APPENDIX 4 Outprint from all panel tests 
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