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INTRODUCTION 

Proper strength testing in-situ is important for purposes such as QC and QA of in-situ concrete 
not only relying on the potential lab strength, revealing effects of changed mixes, transportation, 
pumping, casting, consolidation and curing.  

Furthermore, it is important for documentation of unknown strength, upgrading of structures, 
for additional loading, for durability and for documentation of doubtful structures in cases where 
questions are raised in relation to compliance with code specifications, and finally and not at least, 
for timing of safe and early loading of maturing members. 

Among the test systems for evaluating in-situ compressive strength – detailed in ACI 228,1R-
19 “Report on Methods for Estimating In-Place Concrete Strength” [1] – is pullout testing with 
LOK-TEST / CAPO-TEST (ASTM C-900-19) [45] measuring directly the physical compressive 
strength at a depth of 25 mm wherever required, usually of the cover layer, or if needed, deeper 
in the structure.  

Cores (ASTM C42/C42M-18) [49] also measure the physical strength, but not of the cover 
layer which is essential for durability in relation to ingress of harmful substances such as chlorides, 
CO2 and moist causing corrosion of the reinforcement.  

Concerning the rebound hammer and pulse-velocity, reference [1] states “Use of the rebound 
hammer in accordance with ASTM C805/C805M or the pulse-velocity in accordance with ASTM 
C597 may be specified by Architect/Engineer to evaluate uniformity of in-place concrete to select 
areas to be cored. These methods shall not be used to evaluate in-place strength”. 

The LOK-TEST and the CAPO-TEST are presented in detail in this paper with their theoretical 
analysis background, a fracture analysis and correlations from 30 major studies worldwide, show-
ing robust general correlations with regression coefficients >0.95 between pullout force and cyl-
inder or cube/core strength, no matter what concrete parameter is considered. 
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ABSTRACT: Among the test systems for in-place strength available today, two measure the in-
place physical strength, pullout and cores. Both systems are dealt with in detail in this paper, the 
pullout systems named LOK-TEST / CAPO-TEST (ASTM C900-19) and coring (ASTM 
C42/42M-18). Six testing cases with emphasis on pullout and cores are illustrating different ap-
plications: 
Case 1. Production testing at the Great Belt Link, Denmark. 
Case 2. Service life of bridge pier, Great Belt Link, Denmark. 
Case 3. Curing of the cover layer evaluated by pullout and conductivity, Denmark. 
Case 4. Strength testing with CAPO-TEST for further loading of old bridges, Poland. 
Case 5. In-Situ compressive strength testing of quarantined precast concrete tunnel lining seg-
ments using CAPO-TEST, UK. 
Case 6. Safe and early loading with LOK-TEST, Canada. 
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The correlations are stated together with the COV of the systems in the lab and on-site on a 
wide range of mixes and structures comprising more than 12,000 tests. 

These general, robust correlations of the LOK-TEST and CAPO-TEST are the backbone and 
the essence of the two systems, offering a viable alternative to cores, giving results directly on-
site, quickly, not needing any laboratory compression machine, more reliable, less complicated, 
more economic, and causing less damage to the structure, if any at all - as with the LOK-TEST 
loaded exactly to failure or only to a required strength by which the test is a truly NDT method. 

A special feature of the pullout systems is testing of the cover layer for durability, the “Peel” 
of new structure protecting the reinforcement. Proper concrete quality, compaction and curing of 
this “Peel” is essential on new structures in terms of durability and service life, especially if chlo-
rides are present from de-icing salts, from the sea water or airborne chlorides close to the ocean. 
Pullouts in combination with conductivity  is presented for service life estimation.  

In addition, the two pullout systems can advantageously be used on slender structures where 
cores may weaken the elements, and on structures with dense reinforcement, without cutting the 
rebars. 

The testing depth of the pullouts is 25 mm. If needed, deeper embedment can be made, for the 
LOK-TEST as instructed in the Canadian Standard  [46], and for the CAPO-TEST by surface 
planning to a required depth  to starting out the test. 

 

1. THE PULLOUT SYSTEMS 
 
Invented at the Danish Technical University (DTU) in the late 1960’s and 1970’s [2, 3, 4, 5, 6, 7], 
the LOK-TEST (the Danish name for “Punch-Test”) uses a disc cast into the fresh concrete, and 
the CAPO-TEST (Cut And Pull Out- Test) a ring expanded in an undercut recess in existing con-
crete. Pullout is made through a counterpressure, dimensions as shown in Figure 1 and Figure 2, 
producing compression forces between the imbedded disc or ring and the counterpressure, hence 
the pullout force is a direct measure of the compressive strength. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. LOK-TEST             Figure 2. CAPO-TEST 

 

2. THEORETICAL ANALYSIS 
 
Two major analyses were produced, one by plasticity theory and one by finite elements analysis. 
The plasticity analysis of the failure by Jensen, B. C. & Bræstrup, M. W. was published in 1976 
[8], and the comprehensive finite element analysis was published in 1981 [9] by Ottosen, N. S., 



concluding that the failure is caused by crushing of the concrete in the “strut” between the disc 
and the counterpressure (Figure 7). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Left, Lich. Tech. M. W. Bræstrup; middle, Professor N. S. Ottosen; right, theoretical found rela-

tions between pullout force in kN and uniaxial compressive strength in MPa. 

3. FRACTURE ANALYSIS  

To substantiate Ottosen’s crack development found in his finite element analysis, Professor Her-
bert Krenchel (DTU, Denmark) conducted in 1985 a comprehensive physical trial program [10] 
loading pullout in specimens to various levels on the load-displacement curve, slicing the speci-
mens, polishing the surfaces and impregnating them with fluorescence-dye for documentation of 
the cracking. The fracture analysis revealed, at about 30% of the top-load, that a circumferential 
crack develops at an open angle running from the outer edge of the disc. This is where the linearity 
is lost. From thereon, a band of parallel multiple microcracks is developed in a compression 
“strut” between the disc and the counterpressure, carrying the compression load (Figure 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Left, Prof. Herbert Krenchel; right, load-displacement curve for a pullout test. 

 
 
The circumferential crack developed at 30% of the load is important also (fig. 7), as it releases 
stresses by which the test results are not influenced by inherent stresses [12]. A collapse happens 
from the top-point in the softening regime at increased loading, forming the final pullout cone, if 
loaded past failure (Figure 6).  
 In this manner LOK-TEST and CAPO-TEST measure the compressive strength of concrete (in 
the 2nd crack pattern, the strut). This constitutes the load-carrying mechanism, hence the pullout 
force is a direct measure of the compressive strength between the disc and the counter pressure. 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Parallel microcracking in the “strut”.             Figure 6. Pullout cone intersecting the “strut”. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. 2nd stage cracking in the “strut”, Krenchel (left). and Ottosen (right)  
 
The width of the cracks in the strut was measured by Krenchel in a microscope to be 1/200 mm, 
confirmed by Ottosen´s in his finite element analyses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                             Figure 8. Load-displacement curve for a standard cylinder. 
 
It is worth noticing that the load-displacement curve shown in Figure 4 is identical to a 150 mm 
x 300 mm standard cylinder’s curve (Figure 8).  
        And, most importantly, the stress in the “strut” is similar to the uniaxial stress in the middle 
of a cylinder (Figure 9).  

 



 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

                          Figure 9. Stresses in a standard cylinder during loading. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                              Figure 10. Strength increases as L/D decreases. 

 

 

As the cylinder gets shorter, for the same diameter, the specimen will be in a triaxial state of 
stress (fig. 10), hence the strength of a standard cube or a 100 mm x 100 mm core is higher than 
that of a 150 mm x 300 mm standard cylinder as the triaxial stress produce a higher strength than 
the uniaxial.  

 
In general, the strength of a standard cube 150 mm x 150 mm x 150 mm is equivalent to the 

strength of a core  100 mm x 100 mm, both in triaxial stress during compression. 
 
For design calculations it is the uniaxial strength that is important, that is the strength obtained 

by 150 mm x 300 mm standard cylinders, as used e.g. in e.g. Denmark, USA and Canada.  
 

BS and some EU codes, e.g. Sweden, Poland, UK, Holland and Germany, propose to use 150 
mm x 150 mm x 150 mm cubes, equivalent to 100 mm x 100 mm cores, which produce a 20 to 
30% higher strength than cylinders cast from the same concrete batch. 

 
 



4. CORRELATIONS 

Following the analyses, the first major experimental correlations were made in Denmark at DTU, 
and in Sweden at CBI (Figures 11 and 12). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Correlations to cylinders made at DTU, Denmark [10, 15]: LOK-TEST to cylinders (left) and 

CAPO-TEST to cylinders (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Correlations to cubes made at CBI, Sweden, [13, 14]: LOK-TEST to cubes (left) and CAPO-

TEST to cubes (right). 

 

In the years to follow, further major correlations were performed (fig. 13 and 14) by testing au-
thorities in Denmark, Sweden, Norway, Holland, Canada, USA, Poland, England and KSA, in-
vestigating the influence on the correlations for the following parameters: 
 
• types of cementitious materials 
• water-cementitious materials ratio (w/cm)  
• age 
• air entrainment 
• use of admixtures,  
• curing conditions  
• stresses in the structure 



• stiffness of the members 
• carbonation,  
• shape, type, and maximum nominal size of aggregate up to 40 mm     
   
SUMMARY 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Summary of the eighteen correlations [18] to  

standard 150 x 300 mm cylinder compressive strength. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Summary of the twelve correlations [18] to  

standard cubes (or cores) compressive strength. 

 
In average, the correlation between pullout force F in kN (LOK or CAPO) and 150 mm x 300 mm 
cylinder strength fcyl in MPa was found to be, fig 13: 
 

fcyl = 0.69 F1.12      
                  

with a maximum deviation from this general correlation of about 2 MPa, despite the correlations 
are produced using different laboratory testing machines. 

And in average, the correlation between pullout force F in kN (LOK or CAPO) and 150 mm x 
150 mm x 150 mm cube or 100 mm x 100 mm core strength fcube/core in MPa was found to be, 
fig.14 
                                                              fcube/core = 0.76 F1.16          



 
What is also interesting is that the uniaxial cylinder correlation shown in fig.  13, follows 

closely the analytical theoretical results shown in Figure 3, see fig. 15. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. The experimentally found correlation fcyl = 0.69 F1.12  for cylinders  

compared to the findings of the theoretical analysis by Jensen/Bræstrup and Ottosen. 

LOK-TEST COMPARED TO CAPO-TEST 

In fig. 16, seven major comparisons are presented between LOK-TEST force and CAPO-TEST 
force, both in kN, showing a 1:1 relationship, meaning that the general robust correlations in fig. 
17 are applicable for both pullout systems.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Comparison between LOK-TEST and CAPO-TEST. 

 



5. THE GENERAL ROBUST CORRELATIONS 

The two general robust correlations are presented together in fig. 17. For the same pullout load, 
cubes/cores produce 20% to 30% higher strength than the cylinder depending on the strength level 
as explained in fig. 9 and 10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 17. The general robust correlations between pullout force by LOK  

or CAPO-TEST to standard cylinder or standard cube/core strength. 

6. VARIATIONS 

Variations were reported in large scale in 1984 [15, 16]. Table 1 shows the results in laboratory 
conditions and Table 2 are from testing on-site 
 
Table 1. Laboratory variations.   

Procedure / 

Laboratory 

Standard specimen Pullout 

COV Nos COV Nos 

Danish 4.3% 1177 9.4% 2188 

North 

American 
6.4% 994 7.5% 994 

Swedish/ 

Dutch/UK 
6.2% 963 6.8% 1180 

 
Danish: 150 x 300 mm standard cylinders, and 200 mm cubes for 

pullout, centrally placed in the vertical faces, two LOK-TEST and two 

CAPO-TEST in each cube 

 

North American: 150 x 300 mm standard cylinders and accompanying 

cylinders with LOK-TEST in the bottom.  

 

Swedish/Dutch/UK: 150 mm cubes and accompanying cubes for 

pullout, one LOK-TEST and one CAPO-TEST 



 
Table 2. Variations on-site.   

Structure 
LOK-TEST CAPO-TEST 

COV Nos COV Nos 

Shotcrete   3.2% 820 

Slabs, bottom 10.5% 5320 7.1% 35 

Slabs, top 12.9% 955 9.3% 623 

Beams & Columns 8.1% 677 8.0% 434 

Walls & Foundations 10.1% 1020 10.4% 534 

Dubious Structuresa) 14.7% 1225 15.3% 3334 

 
a) Dubious structures: ASR reacted, non-uniform concrete, insufficient con-

solidation and curing, changed mixes, fire damaged structures and frozen 

concrete.  

Normal practice on-site is to use an average of two pullouts as one obser-

vation. 

7. PRECISION 

As shown in Figure 18, LOK- TEST and CAPO-TEST have an overall precision of about 3 MPa 
for one single test, 2.0 MPa for two tests and 1.5 MPa for four tests. The precision is calculated 
based on correlations made by Krenchel (Figure 19) and Bisr (Figure 20) which also match the 
general robust correlations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 18. The calculated precision in MPa of LOK-TEST and CAPO-TEST in 

dependence of the number of tests. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Data by Krenchel for calculation of precision [21]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Data by Bishr for calculation of precision [17]. 

 
 
 

 
 ; ; 
 
where: 
P, Precision is the maximum error between the in-situ obtained sample average of pull-out force 
and the true average under a certain confidence level (ACI 437R, ASTM E122), 
Z, factor of the normal distribution = 1.96 for a 95% confidence level, 



n, sample size, number of in-situ Lok/Capo tests,  
Cv, coefficient of variation of the data sets,  
x, mean of the data sets,  
sp = Pooled standard deviation of the data sets, 
ni···m = number of tests per set, and 
m = number of sets. 

8. CANADIAN LOK-TEST EXPERIENCE 

 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 21. John A. Bickley, D.Sc. Honoris Causa 

P.Eng., FICE, FCSCE, CEO of Trow Group Inc. 

in Toronto, Canada, until he formed his own con-

sulting engineering company, John A. Bickley 

Associates Ltd. 

 
During cooperation with Professor Herbert Krenchel of DTU, Denmark [21], Dr.John A. Bickley 
(fig. 21) introduced the LOK-TEST in Canada, concentrating on reducing construction schedules 
of high-rise structures for safe and early loading, of which he became a champion, as illustrated 
in case 12.6.  

Dr. John A. Bickley stated to the Author several times: “Claus, you are selling instruments, I 
am selling money.” 

Dr. John A. Bickley published many papers related to this concept as well as other applications, 
data and variations of the LOK-TEST [22, 23, 24, 25, 26, 27, 28 and 29]. 

In [27 and 29] are described cases where only LOK-TEST was used for QC on large projects, 
wavering the standard laboratory cylinders and the use of laboratory testing machines on remote 
sites.  

One of his conclusions is mentioned in [4], as early as in 1978: “The LOK-TEST system of 
pullout tests offers a simple, reliable, economic and non-destructive way of determining the actual 
in-place strength in a practical statistically valid manner”.  

-Non-Destructive- is performed by only loading the LOK-TEST right to the top-point on the 
load displacement curve, or to a required strength without failing the concrete.  

In Dr. John A. Bickley´s autobiography “Anecdotes of My Life” p. 177,  he appoints the LOK-
TEST to be “The Holy Grail of Concrete Testing”, as it is “beautifully engineered and fit into a 
brief case, the pullout test specimen is 25 mm in diameter and the same distance inside the con-
crete making it practical for thin structural members  like slabs, and the correlation between 
pullout and compressive strength is a straight line”.  
 

9. BRITISH PULL-OUT EXPERIENCE 

Professor John Bungey (Figure 22) tested LOK-TEST and CAPO-TEST systematically in con-
junction with standard and temperature-matched cubes [30, 31, 32, 33 and 34], concluding that 



“the combined correlation is surprisingly very close to the manufacturers correlation” and “one 
strength correlation can be used for both the LOK- and the CAPO-TEST”. 

The systems were subsequently recommended as “Best Practice Guides for In-Situ Concrete 
Frame Building” [35]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22. John Bungey, Emeritus Professor of 

Civil Engineering at the University of Liverpool, 

UK. In charge of the project “Early age strength 

assessment of concrete on-site”. 

10. CORES AND/OR PULLOUT. USA 

 
 
 
 
 
 
 
 
 
 
 
Figure 23. Dr Nicholas J Carino joined NIST in 

the US for 25 years. Today he is an independent 

consultant, internationally recognized, expert and 

teacher on NDT and standard methods. Multiple 

times awarded from ACI and ASTM for his work 

in research and standards development. Honorary 

member of ACI and a Fellow of ASTM. Main 

teacher at the NDTitans NDT workshops. 

www.NDTitans.com 

 
 
Dr. Carino (fig.23) is an excellent teacher in all essential NDT methods. In one of his presentations 
(“Core Testing”), he outlines that for cores, the strength depends on a number of factors: 
• Core size 
• Location of core 
• Direction of coring 
• Moisture conditioning 
• Length to diameter ratio 
• End preparation 
• Embedded steel 
Most importantly is Dr Carino´s presentation “In-Place Strength Without testing cores.” 

http://www.ndtitans.com/
https://www.germanninstruments.com/wp-content/uploads/2022/01/Core-testing.pdf
https://www.germanninstruments.com/wp-content/uploads/2022/01/In-Place-Testing-without-taking-cores-the-Pullout-Test.pdf


11. CASES 

 
11.1 Production testing at the Great Belt Link, Denmark 

For production testing the pullout was specified on the Great Belt Link, Denmark [6], not only for 
strength and durability but also for uniformity of the in-place concrete. 

The Great Belt Fixed Link (Figure 24) runs between the Danish islands of Sjælland and Fyn 
(eastern and western Denmark). The 18 km long project consists of three structures: a road sus-
pension bridge and a railway tunnel between Sjælland and the small island Sprogø located in the 
middle of the Great Belt; and a box girder bridge for both road and rail traffic between Sprogø 
and Fyn. The "Great Belt Bridge" (Danish: “Storebæltsbroen”) commonly refers to the suspension 
bridge, officially known as the East Bridge, which has one of the world's longest main span (1.6 
km). The construction work took place between 1988 and 1998 and because of its size and im-
portance, implied that aspects of durability were studied in an unprecedented scale in Denmark to 
keep the risk level at a minimum for a 100-year service life design period. One important objective 
was therefore to specify the requirements to prevent deterioration from alkali-silica reactions, frost 
attack, and reinforcement corrosion due to chloride ingress. In total, the project comprised 1.1 
million m3 of concrete.  
 
 

 

 

 

 

 
 
 
 
  
 
 
Figure 24. The Great Belt Fixed Link. 

 
 
Table 3. The main characteristics of the concrete mixes tested with LOK or CAPO 

Structure East Tunnel East Bridge West Bridge 

Concrete ID A1 a) A B A B b) 

28-day f’c, MPa c) 76 56 53 58 57 

w/c 0.33 0.34 0.37 0.34 0.36 

Fly ash, % 10 12 13 10 17 

Microsilica, % 5 5 5 5 5 

Density, kg/m3 2,485 2,340 2,348 2,323 2,280 

Dmax, mm 16 25 25 32 32 

Air content, % 0.8 1.4 1 6 6 

Superplast. kg/m3 1.8 7.6 6 8.8 5.7 

a) segments      b) caissons     c) from standard cylinders 

 
Both concrete strength and durability are influenced by the curing conditions. Inspection of 

potential compressive strength with companion well cured lab specimens, however, gives no guar-
antee of safety against failure of the concrete structure or quality of the cover layer, therefore, it 
was of major importance to specified that, in addition, the achieved characteristic compressive 
strength at the cover layer was controlled using in-situ testing with LOK and CAPO tests. 



The decision rule for acceptance in an inspection section was: {fc} ≥ 0.8 kn fck, where {fc} is 
the mean value of the strengths measured, and kn is a factor that depends on the number of tests 
and the coefficient of variation. 

During full-scale trial castings of the caissons of the West Bridge, it was realized that the in-
situ CAPO strengths determined by the general correlation produced significantly lower results. 
The contractor produced hereafter his own correlations as shown in Figure 25, to achieve ac-
ceptance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 25. The correlations applied on the Great Belt Link project. 

 
 
The reasons for the lower CAPO-TEST strength in the West Bridge caisson’s cover layer was 

later found to be related to the slipform casting procedure (Figure 26):  
“Petrographic results showed cracks, porosities and separation in the cement paste of the cover 

concrete. In particular many surface parallel defects could be observed” [30, p. 211]., fig. 26; 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 26 Petrographic testing showing paste separation and separation paste – aggregates. 



“Investigations showed that the defect could not be avoided, They were caused by the filling of 

the small slip, that occurred between the concrete and the steel form each time the form was 

lifted”, “Also. An investigation was made on other slipformed structures in Denmark. All these 

structures showed similar defects” [31, p. 129]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Steel slipform used for the caissons (left), and CAPO-Testing (right). 

 

“At the time, where the problems were discovered, it was no longer possible to change the 

slipforming concept without causing serious delays to the whole project, and it was decided to 

proceed with the slipforming concept” [31, p. 130]. 

“In conclusion, the defects appeared to be an inherent part of the slipforming concept, and 

could not be avoided unless the production concept was changed, which was not practically and 

economically possible” [30, p. 212]. 

“To remedy the effects observed in the petrographic testing, is was decided to install cathodic 

protection systems on all the West Bridge´s caissons” [30, p. 215].   

 

For pullout testing the structures were subdivided into inspection sections, each of which was 
accepted or rejected after thorough statistical evaluation [38], The main quantities and number of 
required strength tests for one of the inspection sections are presented in Table 4 for the West 
Bridge. 
 
Table 4. Figures per inspection section in the West Bridge 

 Concrete, m3 No. of  

LOK/CAPO tests 

No. of test 

cylinders 

Caissons (walls) 2,500 - 2,900 100 - 116 50 - 58 

Pier shafts 700 - 1,200 28 - 48 14 - 36 

Road girder 2,300 92 46 

Rail girders 1,700 84 34 

 
 
An example is shown in Figure 28 for the West Bridge rail girder inspection sections by LOK-
TEST compared to lab cylinders.  
 

As will be seen, in the beginning of the test period the cylinder and in-situ strengths with LOK-
TEST were almost identical until November 1991. From there on, the LOK-strength was lower 
because of poorer concrete in the concrete cover, Why? The Author don’t know.  

The final results of the comprehensive statistical evaluation of the major part of the project 
(Table 5) shows the differences between the strength and coefficient of variation, CV, obtained 
under lab conditions (cylinders) and under in-situ conditions, which in turn, evidence how 



important the control of transport, casting, compaction, and curing is in order to maintain a proper 
level of quality. Without quantitative monitoring the structure, the works would have run in blind. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28. Results of laboratory cylinders and in-situ LOK-TEST performed on the West Bridge´s 

rail girder section. The reason for the drop in LOK-TEST, highlighted, is unknown by the Author.  

 

Table 5. Results of the comprehensive statistical evaluation 

 

 
In-situ strength testing had never before been used production tests in Denmark, but on the Great 
Belt Link LOK-test inserts were used for all structures (in average 1 test for every 25 m3) except 
the slip-formed caisson walls (West Bridge) and the tunnel lining segments, where CAPO-TESTS 
were used at the time of testing. 
 

Well-planned pretesting and trial castings for the actual work methods, and prior certified train-
ing of the workforce, was a key aspect. Training and technical follow-up during all this Danish 
iconic project (fig. 29). 

 
 
 
 
 
 
 

 

 28-d LOK/CAPO 

strength, fL/C 

28-d cylinder   

strength, fc 

Ratio 

Structure /  

Concrete ID 

Avg.,  

MPa 

CV,  

% 

Avg.,  

MPa 

CV,  

% 

fL/C/fc 

East Tunnel  A1 58.2 C 16.3 76.4 6.0 0.78 

East Bridge          

A 
 

B 

55.4 L 11.6 55.8 7.6 0.99 

51.8 L 13.3 53.0 6.9 0.98 

West Bridge        

A 
 

B 

53.7 L 9.7 57.6 4.9 0.93 

51.9 C 19.5 57.4 4.9 0.90 



 
 
 
 
 
 
 
 
 
 
 
 
Figure 29. Trial testing for chloride migration and pullout (left) for the specified concrete, and Certification 

Course in testing with  LOK-TEST and CAPO-TEST (right). Diploma was awarded if the technician could 

complete 4 LOK-TEST´s and 4 CAPO-TEST´s within 2 hours.  

 
 
The conclusions by the Great Belt Link concerning using LOK-TEST and CAPO-TEST) for pro-
duction testing [36, p.270]:  
 

“Regarding the use of pull-out testing (LOK and CAPO tests), it is a primary recommendation 
for production testing, provided that problems relating to training test operators, placing test 
bolts, and statistical evaluation of results are solved.  

 
However, despite first class materials and mix proportions being optimized to secure durabil-

ity, strength and uniformity, inadequate casting, vibration, compaction, and curing can com-
pletely destroy the quality of the final structure.  

 
Experience from the Great Belt Link shows that high performance concrete requires thorough 

pretesting of the fresh concrete properties to determine adequate work procedures and to train 
site staff in these before start of work.” 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



11.2 Service life of bridge pier, Great Belt Link, Denmark 

The East Bridge of the Great Belt Link project was finished in 1991 (Figure 30). In 1998 and 
again in 2005, chloride ion content profiles were obtained from various locations to evaluate the 
service life on the pier, D1 being in the splash zone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30. The Great Belt Link´s suspension bridge and one of its piers selected for testing for service life. 

The pier was constructed using plywood  form kept on for 3-5 days before  stripping. LOK-TEST performed 

met the requirements.  

 
Based on a cover layer thickness of 75 mm and a threshold chloride ion content concentration of 
0.10 % by concrete weight, the estimated time for the initiation of chloride-induced corrosion at 
different elevations of the bridge piers were calculated using a simplified model of diffusion the-
ory [40, 41, see Figures 31 and 32. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 31. Chloride profiles obtained in 1998 at different locations on the pier. 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 32. Repeated measurements made in 2005 compared to the 1998 data 

for the pier in the splash zone. 

 
The final  results of these calculations, in relation to remaining service life, are shown in Figure 
33 based on a simplified model using Fick´s Second Law of diffusion.  
 
In the splash zone the estimated remaining service life is about 100 years, as required by the 
specifiers of the high performance concrete. e.g. Professor Ervin Poulsen, DTU, Denmark. [38, 
40]: 
 
The very long service life (>500 years) above elevation +5 is attributed to the lower moisture 
content compared with the splash zone at elevation -1 to +1, where the concrete capillary pores 
are fully saturated.  
 
The longer service life below sea level, compared with the splash zone, is attributed to the reduced 
oxygen content in submerged concrete. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33. Service life in years calculated at 

different levels on the pier.  



11.3 Curing of the cover layer evaluated by pullout and conductivity. 

For resistance to chlorides from, e.g., the sea or deicing salts, the cover layer is the “Peel of the 
Orange”, Figure 34, protecting the reinforcement against corrosion. Similar with carbonation. 
This “PEEL” is the essential part of a new structure when it comes to durability, not the interior. 
To achieve a good, durable cover layer, the right mix has to be used, it has to be well compacted, 
have a sufficient thickness and be well cured. Optimal curing is providing water or keeping the 
formwork in place during hydration, alternatively, using internal curing with LW fine aggregates 
or water absorbent polymers, while less efficient curing is achieved if curing compounds, or plas-
tic sheets are applied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 34. The cover layer is the “peel 

of the orange” for concrete. 

 
No curing has significant detrimental effects, as does exposure to high temperature and wind (mis-
curing). Early Danish research in 1969 at DTU showed a 31% reduction in LOK-TEST pullout 
strength for a w/c-ratio of 0.36, and 40% for a w/c-ratio of 0.50 when concrete is mis-cured com-
pared to water curing at 20oC. But how about the resistance to chlorides? 
 Recently, a comparison between LOK-TEST pullout strength and bulk conductivity has been 
performed for estimating the chloride diffusivity and service life for wet cured concrete and air 
cured, for simplicity. 
 The two standards applied were: ASTM C900-19: “Standard Test Method for Pullout Strength 
of Hardened Concrete” [45]. (LOK-TEST, Figure 35) and ASTM C1876-19: “Standard Test 
Method For Bulk Electrical Resistivity or Bulk Conductivity of Concrete” (using the MERLIN 
device, Figure 36), ref [44], performed on slices of cores, estimating the chloride diffusion coef-
ficient and the service life, defined here as the estimated time it takes to build up a critical chloride 
content at the depth of the steel reinforcement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35. LOK-TEST pullout force in kN, testing depth 25 mm. 
 



 
 
 
 
 
 
 
 
 
 
 
Fig. 36. Bulk resistivity in Ω·m of saturated 50 mm core from the cover 

layer measured with the Merlin. 

 
The concrete used was a C40/C50 class concrete (f’c 40 MPa on cylinders, 50 Mpa on cubes) 
which was tested after 56 days. The average results from testing of three sets of specimens (wet 
and air cured) are shown in Table 6.  
 
The LOK-TEST showed a 23% compressive strength reduction. The bulk resistivity testing with 
the MERLIN device on the 50 mm cover layer resulted in 166 Ω·m for wet curing and 111 Ω·m 
for air curing, which represents a 33% reduction. With simplified assumptions, these resistivity 
values can be transformed to a chloride diffusion coefficient, Da, using the Nernst-Einstein rela-
tion. This way, wet curing would correspond to a chloride diffusion coefficient of 27.2 mm2/y and 
air curing to 41.5 mm2/y. 
 

By means of the Life 365TM Software (free available at www.life-365.org), based on Fick’s 
second law of diffusion, the expected service life in years, t, can then be estimated for a given 
cover layer and exposure condition. For a 50 mm cover layer and sea water splash exposure con-
dition, the estimation shows a 40% reduction of the service life regardless of the critical limit for 
corrosion of the reinforcement is considered to be 0.050% Cl- or 0.100% Cl- by concrete mass 
(Table 7 and Figure 37). For very mis-cured concrete (wind and higher temperature), the reduction 
would be much larger. 

 
 

Table 6. Results of pullout and resistivity. 

Curing LOK-TEST Resistivity 

Wet cured 42.7 kN 166 Ω·m 

Air cured 33.0 kN 111 Ω·m 

 
 

Table 7. Estimated service life. 

Critical chloride 

level 
Wet curing Air curing 

0.05 % Cl-/mass 66 years 37 years 

0.1 % Cl-/mass 92 years 56 years 
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Figure 37. Chloride ingress, wet and air cured concrete specimens. 

 

 

 

 

Other testing examples  

 

 
 
 
 
 
 
 
 
 
 
Figure 38. Left: Great Belt Link, Denmark, 40,000 pullouts were made. The strength by pullout was 

accepted if the strength was minimum 80% of the potential lab strength [16]. Center: supporting sea 

wall, Copenhagen. Minimal curing compound applied. Pullout strength = 70% of lab strength. Right: 

Garage parking structure, UK. Concrete covered by heavy plastic sheet and wet mats. Pullout matched 

the lab strength. 

 
In this manner, a quick on-site strength test, the LOK-TEST or the CAPO-TEST, will immediately 
indicate the cover layer quality.  
 
If lower than expected, cores may be drilled out from the cover layer, sliced and water saturated 
for further testing with the MERLIN for bulk resistivity (or its inverse, conductivity) and estimat-
ing the remaining service life in chloride environment. 
 
 More examples of pullout used for cover layer quality are shown in fig. 38. 
 
 
 
 
 
 
 
 



11.4 Strength testing with CAPO-TEST for further loading of old bridges in Poland. 

As part of strength testing of 50 old bridges to be upgraded (Figure 39), for increased loading 
from army tanks, fifteen bridges, ranging in age from 25 to 52 years, were investigated initially, 
to establishing a correlation curve between 100 mm x 100 mm cores and the CAPO-TEST (ASTM 
C-900 and EN 12504-3), with special focus on the effect on carbonation. The depth of carbonation 
varied from 2 mm to 35 mm on the bridges. The strength of the bridges ranged from 20 MPa to 
50 MPa. 

The number of 100 mm x 100 mm cores and CAPO-TEST´s for each bridge are reported in the 
referenced ACI publication [18]. The average values are plotted in Figure 40.  
                      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39. Examples of Polish bridges tested for upgrading –higher loading– shown with CAPO-TEST 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40. The correlation obtained from the Polish bridges. 

 



It can be seen that the best fit curve (purple) matches the robust general correlation for cubes (red): 
fcube = 0.76 F1.16 with a COV on the cores of 7.4% and 8.8% on the CAPO-TEST, in average. 

 
Most interestingly, the effect of carbonation is only minimal on the CAPO-TEST and there is 

no correlation between the depth of carbonation and the relative error of the estimate based on the 
CAPO-TEST.  

 
Schmidt Hammer testing was also performed. The estimated strength from this test showed 

about 80% higher strength than cores, using the correlation recommended by the manufacturer of 
the Schmidt Hammer.  

 
Subsequently testing of the remaining bridges was performed by CAPO-TEST, only. 
 
Another example of testing with CAPO-TEST before additional loading is applied to the struc-

ture is given in ref. [39] from Houston, USA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



11.5 In-Situ compressive strength testing of quarantined precast concrete tunnel lining 
segments using CAPO-TEST, UK 

Tunnel elements were produced at the Translink Joint Venture, on the Isle of Grain, UK, and 
hardened in a heating tunnel on a moving conveyer belt. For strength estimation, cubes were 
placed alongside. The production took place in large numbers, automatically. The cube strength, 
after heating, was specified to be 60 MPa. During a period, the cube strength dropped, but pro-
duction continued until the drop was realized. 

All the elements produced in that period were quarantined. Scrutinizing, it was later established 
that the reason for the drop was a change in the cement used in the mix; the gypsum component 
in the cement had been changed. 

To test the final strength of the quarantined elements, two systems were selected as candidates, 
coring or CAPO-TEST. Testing with cores was too time-consuming, uncertain and costly, and 
considered to cause too much destruction. CAPO-TEST was selected, also due to the minimal 
damage by which the element tested could be used. 

A calibration program was conducted in relation to cube strength ranging from 35 MPa to 100 
MPa, partly between production cured cubes and CAPO-TEST, and partly between standard cured 
cubes and CAPO-TEST (Figure 41). Testing was made in relation to maturity at 4, 7, 28, 154 and 
329 actual days.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 41. Correlation obtained between CAPO-TEST and standard cubes. 

 
 
 
 
 



 
Subsequently, the quarantined elements were tested at random in a statistical valid manner with 

three CAPO-TEST´s in each element as shown in Figure 42.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 42. CAPO-TEST in progress. Three CAPO-TESTs in 

each quarantined element were performed. 

Photo shows certified CAPO-TEST technician Mr. Henrik 

Kristensen in action.  

Well organized. a two-man trained testing crew can perform 

30-40 CAPO-TEST´s a day, depending on accessibility.  

 
 
 
All the quarantined elements older than 150 days old were accepted for erection in the tunnel, as 
the strength with CAPO-TEST related to cube strength showed strength over 60 MPa from 150 
days and onwards.  

The correlation obtained (blue), matched perfectly the general one between CAPO-TEST and 
cube strength (red) and was used for evaluation of the in-situ strength. 

Variation in the CAPO-TEST was on average 9.6%, ranging from 7.9% to 11.5% for all the 
elements. Testing on each element lasted about 1 hour for each set of 3 CAPO-TESTs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



11.6 Safe and early loading with LOK-TEST, Canada  

Not only for accelerating construction schedules, but also for safety, the LOK-TEST pullout sys-
tem is used extensively for testing the strength of slabs during construction on high rise residential 
and office structures in Canada.  
 The test system is used in conjunction with optimized concrete mixes, by which a scheduled 
time of construction can be reduced, saving interest, costs on formworks, reshoring, winter heating 
and earlier rental [22, 28, 29]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 
 

 

 

 

Figure 43. LOK-TEST being performed by CET Sal Fasullo, Toronto, Canada, for safe and early form 

stripping in a high-rise building. 

 
In a 100 m3 slab pour, 10 to 15 LOK-TEST inserts are installed equally distributed on the bottom 
of the slab through prepared port holes in the flying form systems. Inserts can also be installed as 
floating inserts on the top, but the bottom installation is preferred due to simplicity and 
Speed.  

 
Inserts can also be installed as floating inserts on the top, but the bottom installation is preferred 

due to simplicity and speed. Experience has shown that top installment of inserts produce about 
10% lower strength at the top compared to the buttom, due to better compaction and curing at the 
bottom, [25]. 

 
At the time of testing a couple of inserts are tested, and if meeting the expectations, the remain-

ing inserts are tested. 10 inserts can be tested in about 1 hour. The LOK-TEST pullout forces are 
converted to equivalent cylinder strength in MPa by means of a pre-established relationship fol-
lowing closely the general, robust correlation.  

 
The standard deviation is calculated, followed by calculation of the “Minimum in-place 

strength” as: Average Strength less a k-factor times the Standard Deviation. The “k” factor relates 
to the 10% fractile of the T-distribution. If the “Minimum in-place strength” is higher than 75% 



of the f’c, stripping/reshoring takes place, otherwise, testing of remaining inserts is performed 
later, e.g., after another 6 hours, and the “Minimum in-place strength” is recalculated.  

 
This procedure has been adhered to in many cases for safe and early loading of slabs in high 

rises as the Scotia Plaza in Toronto (Figure 44), Canada, where earnings due to speeding up con-
struction schedule was reported to be 1.5 million dollars.  

 
Optimized concrete mixes were used, allowing forms to be removed as quickly as after 1.5 

actual days, even in cold winter conditions. On the other hand, in the substructure, strength is not 
needed that quickly. Here e.g., fly-ash, slag cement, or other supplementary materials is used in 
the mix, reducing the costs of the concrete mix. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 44. Scotia Plaza, Toronto, Canada 

 
 

Full descriptions, including documented correlations, variability and reports from 18 projects are 
referenced in [11, 12, 13, 14].  

On projects as reported in Trinity Square [13], the building officials allowed elimination of the 
usual mandatory standard cylinder tests, only relying on Lok-Test for in-place strength.   

The Canadian Standard CSA-A23.2-15C [18], outlines in detail the procedure for performing 
the LOK-TEST properly. 
 

 
 
 
 
 
 
 
 
 
 
 

 



12. CONCLUSIONS 

Pullout testing is a physical test, like compression testing of standard cylinders, standard cubes or 
cores. In pullout, the compression and crushing of the concrete happens between the cast-in disc 
(LOK-TEST) or the expanded ring in a recess (CAPO-TEST and the counterpressure on the test-
ing surface. Robust correlations between pullout force and standard cylinders, or standard cu-
bes/cores exist, and can be used with great confidence without further correlations involving tra-
ditional laboratory testing. 

 
In this manner, only s portable compression machine, the hydraulic LOK-TEST and CAPO-

TEST pull machine, needs to be brought along to the site for testing the structure avoiding bundles 
of lab specimens. This obviates the need for traditional laboratory testing equipment, e.g., as re-
ported in [27, 29] or on remote sites where the lab compression machine was too troublesome to 
bring along. Examples are from  construction of the harbor piers at the island Tristan da Cunha in 
the Atlantic Ocean, and the construction at the Federal Research Base 6 hours flight north of 
Montreal, resulting in reduced casting time from 14 days to 7 days and with considerable savings 
[29], 

 
If needed, for potential strength assessment 200 mm cubes, with inserts installed centrally in 

the vertical faces, can be cast, compacted, water cured and tested at specific time intervals and 
using the general correlations for transforming the pullout  force´s to MPa´s of cylinders or cubes, 
eliminating the need of the traditional compression machine in the laboratory.  

 
This paper illustrates the successful use of pullout for testing of dubious structures, for testing 

of old structures before further loading, for safe and early loading of structures involving use of 
optimized mixes and for evaluation of the curing of the cover layer protecting the reinforcement 
against aggressive environment to maximize the service life. 

 
The precision of pullout testing is on a 95% confidence level 2 MPa for an average of 2 tests 

in the testing range to 80 MPa. In Ref [4] statistics are detailed for production testing in relation  
to number of batches in a placement and the coefficient of variation 

 
CAPO-TEST has proven to be a useful inspection tool in condition evaluation of old structures, 

not at least when the reinforcement is densely installed and cutting of reinforcement (for example 
on highly loaded columns) has to be avoided. Also, on slim columns where coring can weaken 
the column, CAPO-TEST has been preferred. 

 
Pullout testing can for durability be an efficient indicator of the cover layers quality followed 

by conductivity measurements of sliced cores for service life estimation.  
 
CAPO-TEST can substitute cores, they are quicker, (15-20 minutes per test for a trained tech-

nician), giving immediate reliable results, more economic, cause less intrusion and eliminate the 
factors affecting the core (e.g. core size, L/D, moist, coring direction and end preparation).  

13. USEFUL LINKS 

• Section 1: Theoretical Analysis, Fracture Mechanism and Correlations 

• Section 2: Rationale and testing cases, Standards. 

• Section 3: Hardware, Testing Procedures and Instruments. 

• Development of CAPO-TEST 1974 

• ACI publication: CAPO-TEST to Estimate Concrete Strength in Bridges. 

• In-Place Strength Without testing cores. 

• Core Testing 

• CAPO-TEST Video 

• Publications 

https://www.germanninstruments.com/wp-content/uploads/2022/01/Section-1-Theoretical-analysis-fracture-and-correlation-April-2019.ppt-1.pdf
https://www.germanninstruments.com/wp-content/uploads/2022/01/Section-2-Rationale-testing-examples-standards-Sept-2019.ppt-1.pdf
https://www.germanninstruments.com/wp-content/uploads/2022/01/Section-3-Hardwarw-procedures-and-instruments-April-2019.ppt-1.pdf
https://www.germanninstruments.com/wp-content/uploads/2022/05/Development-of-CAPO-TEST-1974.pdf
https://www.germanninstruments.com/wp-content/uploads/2022/01/ACI-MJ-Capo-2016.pdf
https://www.germanninstruments.com/wp-content/uploads/2022/01/In-Place-Testing-without-taking-cores-the-Pullout-Test.pdf
https://www.germanninstruments.com/wp-content/uploads/2022/01/Core-testing.pdf
https://www.youtube.com/watch?v=AwgeQbCp4sQ
http://s1069971.instanturl.net/teststaging.com/lok-capo-test-publications/
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