
Quality control of structural concrete has been conducted for several decades based mainly on the results of axial compression tests. This kind of test, 
although widely used, is not exempt from errors and has some considerable drawbacks that may affect its reliability, such as the need for appropriate and 
careful specimen conditioning and adoption of adequate capping techniques. For these reasons, it would be useful to have complementary or alternative 
ways to check compressive strength, in order to improve concrete quality control. The use of a bond test to monitor concrete strength is being proposed by 
an international group of researchers from France, Tunisia and Brazil as a potential means to this end. Given the fact that the link between bond resistance 
and concrete strength is already well established, this type of test seems to be a viable alternative to traditional methods. Nonetheless, to check if the under-
lying principle is sound when used in different circumstances, the group has been gathering data from several studies conducted by different researchers 
in various countries, with distinct concretes and rebar types. An analysis of the data collected shows that there is a clear and strong correlation between 
bond resistance and compressive strength, no matter the influence of other variables. This result validates the basic idea of using an Appropriate Pull-Out 
(APULOT) bond test to assess concrete strength. If the general principle is valid for random data obtained from different studies, the definition of a clear and 
appropriate test will probably lead to the reduction of experimental noise and increase the precision of the strength estimates obtained using this method.
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O controle de qualidade do concreto estrutural vem sendo realizado, há várias décadas, baseado principalmente nos resultados de ensaios de compressão 
axial. Este tipo de ensaio, embora amplamente utilizado, não está isento de erros e tem algumas desvantagens consideráveis que podem afetar sua confi-
abilidade, tais como a necessidade de condicionamento adequado e cuidadoso dos corpos-de-prova e de adoção de adequadas técnicas de nivelamento 
e capeamento. Por estas razões, seria útil ter maneiras complementares ou alternativas para verificar a resistência à compressão, a fim de melhorar o 
processo de controle de qualidade do concreto. O uso de um ensaio de arrancamento para monitorar a resistência do concreto está sendo proposto por um 
consósrcio internacional de pesquisadores da França, Tunísia e Brasil como um meio potencial de atingir essa meta. Dado que a existência de uma relação 
direta entre a tensão de aderência e a resistência do concreto já está bem estabelecida, este tipo de teste parece ser uma alternativa viável aos métodos 
tradicionais. No entanto, para verificar se o princípio subjacente é valido quando usado em diferentes circunstâncias, o grupo tem buscado recolher dados 
de vários estudos, realizados por diferentes pesquisadores, em diversos países, com concretos e barras de armadura de distintos tipos. Uma análise dos 
dados coletados confirma que há uma correlação clara e um forte vínculo entre a tensão de aderência e a resistência à compressão, independentemente 
da influência de outras variáveis. Esses resultados validam a idéia básica de usar um teste de Pull Out adequado (denominado APULOT) para avaliar a 
resistência do concreto. Se o princípio geral é válido para dados aleatórios obtidos em diferentes estudos, a definição de um procedimento de teste claro e 
adequado provavelmente levará à redução erros experimentais e aumentará a estimativa da precisão obtidas por esse método.

Palavras-chave: tensão de aderência, resistência à compressão do concreto, controle de qualidade do concreto, teste de pull-out. 
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1. Introduction

Quality control of structural concrete is a vital step of the building 
process, necessary to ensure that user needs and design require-
ments are met. An adequate quality control strategy enables time 
and money savings, giving opportunity for the constructor to obtain 
gains by means of a swifter turnover of formwork or by the ear-
lier removal of shoring structures in multi-floored buildings, among 
other measures.
The most common and often unique quality indicator used for con-
crete elements is compressive strength. Therefore, results of axial 
compressive tests performed on samples taken during concrete 
placement are usually critical to check fulfillment of design as-
sumptions and contractual obligations.
Despite the fact that axial compression tests are widely known and 
used, there are still some doubts about the reliability of assess-
ments done based solely on this kind of data. The results obtained 
from axial compression tests sometimes do not represent well the 
actual concrete resistance, because samples are not subjected to 
the same curing conditions, load and stress states than structural 
elements. Furthermore, inadequate test preparation and lax ex-
ecution practices tend to happen with certain frequency, increasing 
variability and affecting the trustworthiness of strength estimates. 
Given that a reliable assessment of the attainment of a specified 
compressive strength is vital and may greatly influence cost and 
safety, it would be quite useful to have supplementary or alterna-
tive ways to check concrete compressive strength, in order to im-
prove quality control. This would increase the level of confidence 
on the assessment and help prevent possible structural failures, or 
at least avoid the costly and maybe unnecessary repair or demoli-
tion operations that are poised to be undertaken when low strength 
estimates are obtained.
An international research consortium, established between re-
search groups from France, Tunisia and Brazil, has been work-
ing on the development and advancement of an idea proposed 
by Prof. Michel Lorrain, which consists of using bonding tests to 
complement or replace axial compressive test data, in order to es-
timate concrete strength. To this end, an appropriate pull-out bond 
test, named APULOT, conceived to be easy to perform, reliable 
and low-cost, is under development. To ensure that this kind of 
initiative is worth pursuing, it was considered necessary by the 
APULOT research group to double check the validity of the corre-
lation between compressive strength and bond resistance, for vari-
ous concrete and rebar types. Therefore, a survey of experimental 
data collected from several experimental programs, performed by 
distinct researchers, in different countries, was carried out. The idea 
was to verify if the correlation between compressive strength and 
bond resistance would be shown to be as robust as expected. The 
positive results obtained indicate that the use of the APULOT test 
as a supplementary or alternative way to monitor compressive 
strength of structural concrete may be a feasible and useful alter-
native to improve concrete quality control. 

2. Using axial compression tests  
 for concrete quality control

Since the first modern Building Code, the French “Circulaire de 
1906”, published in 1906 [1], it has been a established practice that 

the quality of structural concrete would be inferred by the results of 
axial compression tests performed on samples taken during con-
crete casting .
The axial compression test is normally done following procedures 
given by standards such as the European EN 12390 [2] and the 
Brazilian NBR 5739 [3], or standard practices such as the one pro-
vided in the ACI 214.4R-03 - Guide for Obtaining Cores and Inter-
preting Compressive Strength Results [4]. These standards and 
guidelines define specimen shape and geometry; describe prepa-
ration and conditioning techniques; specify testing equipment and 
test procedures; and make considerations about result analysis. 
All of them also give plenty of advice about sources of errors and 
details that need to be taken into account to ensure that results 
are reliable.
In general, axial compression tests are well accepted and widely 
used. They have become the preferred way to assess concrete 
quality because they offer some obvious advantages:
n the test procedure is not very complex;
n results are relatively straightforward and easy to interpret;
n the data obtained, expressed in terms of maximum normal com-

pressive stress for crushing failure, can be directly implemented 
in calculations of resisting forces (normal force, bending moment), 
which are used to assess the safety of structural elements;

n compressive strength results have been shown to be fairly cor-
related to several other mechanical properties, such as tensile 
strength, shear strength, bond strength, deformation modulus;

n there is an ample and worldwide experience on use of this test 
and this know-how helps reduce errors and variability.

But the tendency to rely solely on axial compression tests for con-
crete quality control has been increasingly criticized because of 
some shortcomings of these tests, such as:
n concrete is not an homogeneous material. Therefore, the “axial 

compression test”, which actually is an axial shortening test, 
does not produce a pure compressive stress distribution and 
the results of the test represent only a conventional and theo-
retical situation. In fact, the meaning of the results, in terms of 
actual structural performance, is not so easy to interpret;

n because concrete is becoming more and more resistant, due 
to better mix and casting practices, crushing forces have also 
increased and some of the older testing machines cannot be 
used anymore to perform the test. Newer, more sophisticated 
and expensive testing machines, with stiffer frames, are often 
needed in order to handle high strength concrete (HSC) or very 
high strength concrete (VHSC) samples. Furthermore, it is nec-
essary to install protections against explosive fragments and, 
sometimes, to replace the traditional steel plates with sand 
boxes. Therefore, it can be argued that the testing procedure 
nowadays is not so simple as before;

n to obtain good results specimens have to prepared and capped 
carefully. In order to have smooth and parallel faces, one or 
both their ends must be grounded of finished with mortar, since 
sulphur-based coatings are no longer allowed in several coun-
tries. Grinding is becoming the accepted practice but it is still 
not possible in many laboratories, which do not possess ad-
equate grinding machines. Even where these expensive ma-
chines are available, adequate training is necessary to ensure 
that they are correctly used, specially when dealing with HSC 
or VHSC, when grinding might be a time consuming and deli-
cate operation;
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or by expression (3), when 60 MPa ≤ fcj ≤ 80 MPa

(3) 3/2
275.0 cjtj ff =

Meanwhile, the Eurocode 2 [6] gives the following expression for 
the anchorage ultimate bond stress in reinforced concrete:
 

c
ctkbd ff

g
)25.2( 05.0=

where fctk0.05 is the compressive strength of concrete and gc a partial 
safety factor
The Brazilian standard NBR 6118/2003 [8] uses a similar approach 
as the one used in the CEB recommendation RC6: Bond Test Re-
inforcement Steel: Pull Out Test [9] to calculate the bond resis-
tance fbd from the compressive strength of concrete (fctd) adjusted 
by coefficients h1 (=2,25 for deformed bars), h2 (= 1,0 in case of 
fairly good bond conditions) and h3 (=1,0 for F< 32mm), as seen 
in expression (4):

(4) 
ctdbd ff ×××= 321 hhh

It is interesting to notice that although significant research was car-
ried out on concrete-rebar bond, there is not yet a standardized 
bond test recognized internationally. Several bond test configura-
tions have been proposed and tested, by different researchers and 
organizations, such as the ASTM [10], the RILEM/CEB/FIB [11] 
and the ACI [12], using different experimental setups: push out, pull 
out, bending tests, beam test, etc. 
The common principle in all bonding test configurations is to 
force a bar embedded in the concrete to slip. Concrete split-
ting failures may occur if enough confinement is not provided. 
According to RILEM recommendations for the pull-out test, the 
simplest and most widely used bond test, when bar slipping oc-
curs, the bond strength is represented by the mean ultimate 
mean bond stress at the moment of the bond-slip failure, as 
given in expression (5):

(5)
 

l

F
m

F
=

p
t

with F as the pulling force at bond-slip failure, F the bar diameter 
and l as the interface length.
Independently of the configuration, bond tests arguably have some 
disadvantages, in relation to compressive tests, when used for 
concrete quality control:
n they are not so easy to perform;
n the experimental procedures are so varied and numerous that 

it is difficult to choose the best bond test;
n the result depends on the concrete strength and on the bar 

roughness;
n the results are said to be scattered and not reliable, because 

In short, it can be said that axial compression tests are undoubtedly the 
main reference used today to assess compressive strength for concrete 
quality control. Unfortunately, they are not exempt from drawbacks. Giv-
en the importance of reliable compressive strength estimates to check 
design calculations and certify material quality, improvements would be 
welcomed, especially because traditional tests are becoming progres-
sively more difficult to perform and more expensive. There is a window 
of interest, therefore, to justify the investigation of bond tests as a way to 
enhance structural concrete quality control, as discussed ahead.

3. Using bond tests to assess concrete  
 compressive strength

The bond mechanism between concrete and reinforcement bars has 
been vigorously investigated since the very inception of reinforced 
concrete buildings. Gallus Rehm, one of the first researchers to work 
on the theme, performed a systematic investigation of bond mecha-
nisms, including a thorough and well-structured analysis of rib-bear-
ing forces [5]. Based on his contribution, deformed bars started to be 
characterized by rib height, inclination, width and a roughness coef-
ficient. In time, the concept of relative rib area fR, used to encompass 
these various influences, was defined and is currently used to classify 
bars in various standards, inclusive the Eurocode 2 [6]. 
Due to the importance of steel-concrete bonding to structural per-
formance, several international associations such as ACI, RILEM 
and the FIB/CEB have instituted task groups to gather and consoli-
date knowledge on the bond mechanisms in reinforced concrete. 
In fact, since 1957, when RILEM organized, in Stockholm, the 
first Symposium on Bond and Crack Formation in Reinforced, the 
steel-concrete bond mechanism have been extensively analyzed 
and described. Over the years it was demonstrated that several 
factors influence bond resistance, such as:
n bar roughness;
n embedded length;
n concrete cover thickness;
n casting position;
n loading conditions (rate of application, sustained loads, cycles,…);
n vibration;
n concrete mix composition (additives, LWC, HSC, SCC, …)
Nonetheless, it was noticed that concrete strength is always a deter-
mining factor on bond resistance and several Building Codes have 
incorporated relationships between these mechanical properties.
For instance, the French standard BAEL 91, revised in 1999 [7], 
establishes that the ultimate bond stress tsu might be given as:

(1) 
tjssu f××= 26,0 yt

with ys = 1 or 1.5 for smooth or deformed bars, respectively, and with 
the concrete compressive and tensile characteristic stresses (fcj and ftj, 
respectively) correlated by expression (2), when fcj ≤ 60 MPa:

(2) 
cjtj ff 06,06,0 +=
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tained from different researches was collected and combined by 
the researchers involved in the APULOT project. Figure 1 shows 
a graph created with the data obtained from LORRAIN et al [13], 
TAVARES [14], BARBOSA [15] and ALMEIDA [16]. It is important 
to highlight that only results where the bond-slip failure mode was 
obtained were used to create the graph. Results where concrete 
splitting failure was recorded were discarded. 
The analysis of figure 1 indicates that there is a clear linear relationship 
between ultimate bond stress (in MPa) and concrete compressive 
strength (in MPa), which provides a strong argument for the idea of 
using bonding tests to estimate compressive strength. 
As shown in Figure 2, created only with the data from LORRAIN et 
al [13], the idea would be to estimate strength from bonding results, 
using a correlation function. This simple reverses the way that the 
relationship is normally incorporated on many building standards, 
where bond strength is estimated from compressive strength, to 
check the necessary embedment lengths of rebar during design 
calculations, as discussed before.
It is interesting to notice that the relationship between bond stress 
and compressive strength is consistent over time. This means that 
results from tests performed at different ages can be combined to 
create the relationship model. However, the use of a bond test at 7 
days will naturally provide an estimate of the concrete compressive 
strength at the same age.  Formulas proposed by different Building 
Codes can then be used to adjust the estimate to the standard-
ized compressive strength for the age of 28 days (fc28). Preliminary 
results from the APULOT group have shown that results of bond 
tests performed at 7 days can be used successfully to estimate 
fc28 with a fair degree of confidence, as shown by VALE SILVA [17]
Despite the clear correlation seen in Figures 1 and 2, there is still 

failure mode can vary from splitting of concrete cover to bond-
slip failure or bar yielding or buckling;

Most of these problems can be overcome by the definition of a 
standard test procedure, performed on a specimen conceived to 
ensure bond-slip failure. Furthermore, there might also be some 
advantages in using bond tests to assess compressive strength, 
which often are not emphasized:
n reinforced concrete is a composite material. This fact is not 

taken into account in the traditional axial compressive tests but 
is inherent to the very  nature of bond tests;

n lower forces are necessary to reach the failure point in bond 
tests (around 20 times less than for crushing in compression), 
even for HSC or VHSC, which allows the use of simpler and 
lighter loading frames and equipments;

n bond strength is correlated to concrete compression 
strength, as already mentioned among the axial compres-
sion test advantages;

n in some cases, the testing procedure and the preparation of 
the specimens can be even less sophisticated and expensive 
than the ones used for axial compressive tests. 

Hence, the idea of conceiving an appropriate bond test that can 
be used to easily check concrete compressive strength, allowing 
on-site quality control of structural elements, seems to be justified. 
That is one of the main aims of the APULOT research group. 

4. Developing an appropriate bond test  
 for on site concrete quality control

To demonstrate that a very strong correlation can be found be-
tween ultimate bond stress and compressive strength, data ob-

Figura 1 – Concrete compressive/bond strength correlation with data from [11] [12] [13] [14]
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a considerable degree of variability on the data, because in some 
cases similar bond stress values have been associated with a fairly 
large range of compressive strength results.
The APULOT research group believes that a large part of this vari-
ability might be attributed to varying specimen and test condition, 
given that the results used to create figures 1 and 2 where obtained 
in different countries, using bars with distinct geometries and sizes, 
tested under non-standard conditions. If a clear relationship can be 
obtained in these far from favorable and non-controlled conditions, 
is can be argued that a much better estimate model might be de-
veloped if a standard test procedure was established. 
This perception led to the development of a proposal for a standard 
bond test for concrete control, which was named APULOT (Ap-
propriate Pull-Out) bond test, which is still under consolidation, but 
has shown good promise, as described ahead.

4.1 Requirements for an appropriate bond test

To be appropriate for on-site control, the proposed bond test should 
fulfill the following requirements:  
n be easy to perform even in unfavorable conditions, such as 

poorly equipped and non-controlled worksites;
n be cheap enough to be used as widely as possible;
n be reliable;
n trigger only the bond-slip failure mode.
Among the different configurations used for bonding tests, the 
Pull Out Test (POT) type, formalized in the RILEM RC-6 recom-
mendation [9], is clearly one of the most simple, consistent, cheap 

and easy to carry out ways to perform bond tests. Therefore, this 
configuration was chosen as the basis for the development of the 
APULOT test. 
A review of the literature regarding POT results, specially the data re-
corded for more than 30 years in the Civil Engineering Department 
INSAT, shows that the adoption of a 1/10 ratio between bar diam-
eter and concrete thickness provides a specimen with a geom-
etry that ensures that the failure mode will be by slipping, avoiding 
the splitting failure of concrete. The use of a slight lateral restraint 
helps to ensure this behavior, as confirmed by FEM analysis and 
experimental investigations [18]. 
Having this in mind, the APULOT test configuration was estab-
lished considering that a plastic mould (a PVC tube or a discarded 
plastic bottle) adequately adjusted could be used to cast the speci-
men and would be left in place for the test. The specimen would 
be formed therefore by a roughly cylinder shaped concrete mass 
with a single rebar segment inserted in the middle, with both ends 
protruding from the concrete. The sketch in Figure 3 shows the 
general principle of the APULOT test, while Figure 4 shows how a 
discarded plastic bottle could be recycled to be use as a mould for 
the proposed APULOT test. 
This idea of using discarded plastic bottles was pursued to dem-
onstrate that the test could be performed under real worksite con-
ditions and to help reduce the environmental impact by avoiding 
using new PVC tubes as moulds. Vale Silva et al [19] have studied 
several types of plastic bottles and demonstrated that they most 
of them can be used as moulds with very good results, provided 
that the 1/10 relationship between minimum concrete diameter and 

Figura 2 – Example of the principle of concrete compressive strength estimation 
from bond strength results. (Source: Lorrain et al [13])
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rebar size is maintained. To ensure this, the APULOT group is con-
sidering the use of an 8 mm rebar for the standard test procedure 
under consolidation, because this bar size means that the 1/10 
rate will be obtained, and therefore bar slipping failure mode will be 
predominant when 100mm PVC tubes or any 1,5l or bigger plastic 
bottle are used as moulds.  

5.	 Experimental	verification	 
 of the APULOT test concept 

In order to check the feasibility and robustness of the proposed 
APULOT concept two independent experimental sets of tests were 
conducted at the Civil Engineering Department of ENI GABES 
(ENIG), in Tunisia; and at INSA TOULOUSE (INSAT), in France. 

Both used the APULOT test setup but were carried out using dif-
ferent and non-related concrete mixes. The idea was to familiarize 
more researchers with the APULOT test but it also provided the op-
portunity to collect more data, at different concrete strength levels, 
and check how it would fit with the data already gathered by some 
members of the group.

5.1 Experimental Procedures

For the feasibility studies described in this paper, bond-test cy-
lindrical specimens were molded using recycled mineral water 
plastic bottles, adopting the greener approach to the APULOT 
test. Given that the minimum diameter on the central part of the 
bottles (where the inserted bar is actually bonded to the concrete) 

Figura 3 – Schematics of the appropriated pull out test in development 
for on-site concrete quality control

F (pulling 
force) 

reinforcement bar 
diameter 8 mm 

 plastic m ould  

concrete 

unbonded  
length 

embedded length 
80 to 135 mm 

flexible sheath 

diameter  
> 80 mm 

Figura 4 – Use of discarded plastic bottles as recycled moulds for casting an APULOT specimen
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was slightly larger than 80 mm, an 8 mm rebar was used, in order 
to ensure that the slipping failure mode was dominant. To further 
prevent the splitting failure of concrete, the plastic bottles used 
as moulds were not removed for the test, which provided some 
additional lateral constraint.
To define the bonded zone and avoid stress concentrations, parts 
of the rebar on both sides of the specimen were inserted inside 
plastic caps, defining a central bonded zone. The embedded length 
used varied between 80mm and 135mm, because the researchers 
wanted to check how this would affect the results. 
The characteristics of the materials used to make the concrete 
used to cast the specimens are given in Table 1 for ENIG and IN-
SAT, respectively. Bars in both cases have been cut from FeE500 
steel deformed bars with a nominal diameter 8 mm and a yield 
strength σe = 564MPa.
During the test, a pulling force was applied with the help of a coni-
cal jacket and a hollow jack cylinder usually used on construction 
sites to apply pre-stressing forces on wires. A reaction frame was 
created to allow the jack and the specimen to be adequately po-
sitioned, as seen in Figure 5. The value of the ultimate force was 
obtained from the readings of a manometer connected to the jack.
Plain concrete cylindrical specimens (diameter 16 cm, height 32 
cm) were molded and tested under axial compression at the same 
age that the APULOT tests were performed, in order to obtain the 

pair of results necessary to plot ultimate bond strength and com-
pressive test graphs. APULOT specimens were tested at 3, 7 and 
14 days, to check if the bond/strength relationship would still be the 
same at early ages. This is an important   

5.2 Results

The results of the tests performed at ENIG and INSA are summa-
rized on table 2. Analyzing the data it can be noticed that two very 
different ranges of compressive strength were obtained at ENIG 
(7-8 MPa) and INSA (23-27 MPa), which was a desired condition to 
check if the estimates of compressive strength from bonding tests 
will be sound for a wide range of concrete strength levels.
All the failures obtained on both places were of the slipping mode 
type, as expected. Therefore, all data was added to the graph relat-
ing ultimate bond stress and compressive strength shown in Figure 
2, resulting in the new graph seen in Figure 6.
As can be seen in Figure 6, the new sets of results fit well with 
the rest of the data collected, but it can be noticed that the ENIG 
results tends to cluster together, indicating a possible lower limit for 
the relationship. Data from tests performed at different ages fit well 
with the rest, proving that the APULOT test can be performed, with 
good results, at an age as early as 3 days, if necessary.
Figure 7 shows an estimate model derived by using linear regres-
sion to fit a straight line at the data. The very good fitness of the 
correlation line shows the great promise of this kind of approach 
and validates the idea of using the APULOT test in concrete qual-
ity control. 
Of course, the estimates obtained using the correlation line from 
Figure 7 would have to be slightly reduced to ensure that the pre-
sumed concrete strength values would be on the safer side. 
This adjustment would need to be larger because, in some points, 
there is a considerable variation of bond stresses registered for a 
certain level of compressive strength. To improve the results it is 
considered necessary to adjust and consolidate test procedures, 
because varying test conditions are sources of increased variabil-
ity. For example, as expected and registered in table 2, when the 
embedment length increases, the bond stress will naturally rise, 
for a given concrete strength. Both results are plotted against the 
same concrete strength in the graph. 
The absence of a standard test allows this kind of noise to affect 
the data gathered, which was obtained from different and non-re-
lated studies. The adoption of standard specimen geometry and 
test conditions will naturally provide more precise data correla-
tions, which in turn will increase the reliability of the strength esti-
mates. The APULOT group is currently working to achieve this aim. 

Table 1 – Concrete mixes used in the studies at ENIG and INSA

3concrete mix ENIG, kg/m 3concrete mix INSAT, kg/m

cement (CEM I 32.5)  250   cement (CEM I 42.5) 400 

water 150 water 230 
sand 750 river sand 652 

aggregate 1050 aggregate 1265

Figura 5 – Apparatus and test setup 
for on-site use of APULOT
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Table 2 – Feasibility tests, results

specimen 
n° 

test 
location 

age, 
days 

Embedded 
length, in. 

(mm) 

mean compressive 
strength ksi (N/mm²) 

ultimate bond stress 
ksi (N/mm²) 

1 ENIG 3 5.27  (135) 0.609   (4.20) 
2 ENIG 3 5.27  (135) 0.983   (6.78)

0.983   (6.78)
 0.699   (4.82) 

3 ENIG 3 5.27  (135) 0.983   (6.78) 0.788   (5.43) 
4 ENIG 7 5.27  (135) 1.175   (8.10) 0.716   (4.94) 
5 ENIG 7 5.27  (135) 1.175   (8.10) 0.788   (5.43) 
6 ENIG 7 5.27  (135) 1.175   (8.10) 1.111   (7.66)  
7 INSAT 3 3.12   (80) 2.186   (15.07) 1.469   (10.13) 
8 INSAT 7 3.12   (80) 3.414   (23.54) 1.255   (8.65) 
9 INSAT 7 3.12   (80) 3.414   (23.54) 1.416   (9.76) 
10 INSAT 7 3.12   (80) 3.414   (23.54) 1.504   (10.37) 
11 INSAT 7 3.12   (80) 3.414   (23.54) 1.577   (10.87) 
12 INSAT 7 3.12   (80) 3.414   (23.54) 1.433   (9.88) 
13 INSAT 7 3.12   (80) 3.414   (23.54) 1.684   (11,61) 
14 INSAT 7 3.12   (80) 3.414   (23.54) 1.899   (13.09) 
15 INSAT 14 5.27  (135) 3.880   (26.75) 1.971   (13.59) 
16 INSAT 14 3.12   (80) 3.933   (27.12) 1.540   (10.62) 
17 INSAT 14 3.12   (80) 3.933   (27.12) 1.684   (11.61) 

Figura 6 – Updated bond stress/compressive strength relationship data gathered in the current study
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6. Conclusions

Quality control of structural concrete is a compulsory stage in the 
building process, which have been conducted for decades solely 
by means of axial compression tests. This procedure, which has 
stood the test of time, is not exempt from significant drawbacks 
and its results have been the subject of much discussion lately. 
Therefore, it would be useful to have other independent ways to 
assess concrete strength, which could be used in conjunction with 
traditional concrete compressive tests to improve quality control.
Given the fact that compressive strength has been found to be 
closely and consistently related to bond strength, an interesting 
alternative would be to develop a standardized bond test able to 
provide accurate concrete strength estimates. This notion has fos-
tered the formation of an international research consortium to test, 
develop and implement the Appropriate Pull-Out test (APULOT) 
proposed by Lorrain.
The paper describes two series of tests performed using the APU-
LOT method in France and Tunisia. The results indicate that, when 
performed in an appropriate way (that is, controlling the failure 
mode to force bond-slip behavior), bond tests are found to be reli-
able enough to provide compressive strength estimates. Even with 
the changes in age of test and embedment length, the data gath-
ered had little scattering and was consistent with previous data 
collected from the literature.

The full database, including the data from the tests and the previ-
ous data collected from the literature, was used to define a very 
well-fitted correlation line between ultimate bond stress and con-
crete compressive strength. The estimates made using this pre-
liminary model were shown to be reasonably accurate and the 
underlying variability can be further reduced with the adoption of 
standard practices for the test. This aspect is being currently inves-
tigated by the APULOT group.  
The work clearly demonstrates that the principle proposed is sound 
and reproducible. Therefore, it justifies the continuation of the ef-
forts to develop a strategy for incorporating results from simple, 
quick an on-site bond tests as subsidy for reinforced concrete qual-
ity control.
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