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ABSTRACT: Strength estimation of existing buildings is a key challenge for civil engineers who
need to feed structural computations with material data. Specifically, it is critical to determine the
in-place strength of concrete to establish the safety of the concrete structures. Both destructive
and nondestructive test (NDT) methods are utilized to determine the concrete strength of existing
buildings. Among these, NDT techniques are sensitive first to physical properties and provide
only an indirect way towards material mechanical performances. NDTs are currently used in
combination with the destructive test (core-drilled) or another nondestructive test, which provided
more direct information. Rebound Hammer and Windsor Probe Tests are among the most widely
used NDT methods regarding concrete strength assessment. In this paper, Rebound Hammer and
Windsor Probe Test results were combined to determine the compressive strength of concrete
using respond surface method. As a result, a combined NDT method was obtained to estimate the
strength of concrete. Furthermore, this combination can be useful for urban regeneration studies,
which include a lot of reinforced concrete buildings.

1

INTRODUCTION

Since the late 1800s, structures such as houses, roads, and bridges, has been started to construct
using the concrete. In the first years, the most important parameter for concrete was thought to be
the amount of cement in the mixture. Later, when the effect of the water-to-cement ratio on the
concrete strength was noticed, it was understood that the most important key issue for determining
the concrete quality was the compressive strength (Abrams, 1927). The concrete compressive
strength could be easily determined with the samples taken during the pouring concrete. However,
as the time passed by, the requirements and productions have improved, and estimation of the inplace strength of the concrete has become an absolute necessity (Jones, 1949).
The core drilling technique is the first method to obtain the in-place strength of the concrete. This
technique is reliable and has high accuracy; however, it is not an efficient test method due to not
practical and economical (Wagner et al., 1977). For this reason, especially after the 1940s,
different tests and devices have been developed to determine the in-place strength of the concrete
(Kolek, 1958). These tests, named nondestructive test (NDT), are often, even today, using by
combined with core drilling method. These combined methods are more effective than each of
NDT method since each NDT method alone cannot estimate the strength of the concrete with high
accuracy sufficiently (Malhotra, 1984).

The greatest benefits of NDT test methods are to reduce the number of required core samples
when they combined with the core drilling method to determine the in-place strength of the
concrete of an element or construction (Wedgwood, 1987). Nevertheless, the using of the core
drilling method prevents to determine the in-place strength of the concrete, practically. In order
to overcome this problem and also to efficiently estimate the in-place strength of concrete,
combined NDT methods have been developed in the last decade (Breysse, 2012). The aim of the
combined NDT methods is to determine the in-place strength of the concrete with high accuracy,
practically and economically (Sbartaï et al., 2012).
Significant applications are being carried out for the structures in some countries where have
located in the active seismic zone and there have been important losses many times in the
destructive earthquakes (Yon et al., 2015). These studies can be summarized as two main subjects:
1) Strengthening of the structures which have inadequate or low resistance under seismic loads,
2) Reconstruction of the structures. In both cases, the NDT methods must be utilized. Using of
the NDT methods is not only required for these reasons but also for many other reasons: quality
control, curing times, formwork stripping times, fault diagnosis on existing reinforced concrete
structures, and research works (Naderi, 2007). The key issue can be stated as follows: if the
compressive strength of the one or few structures wants to determine, a standard NDT method
can be utilized. However, if the compressive strength of the hundreds or thousands of the
buildings such as an urban regeneration project is to be determined by a short/limited time, the
NDT method which will use for this project must be an efficient namely practical, reliable and
economical method. The requests of this kind of great projects make the use of combined NDT
methods almost necessary (Alyamac, 2014).
The purpose of this study is to present an efficient combined NDT method. Popular NDT methods
which are rebound hammer test and Windsor probe test used in this paper. These standard NDTs
were combined to determine the compressive strength of concrete using respond surface method.
As a result, a combined NDT method was obtained to estimate the in-place strength of concrete.
2

NONDESTRUCTIVE TEST (NDT) METHODS

There are a lot of NDT methods to determine the in-situ properties of the materials such as
strength, cracks in the materials, delamination or voids behind the surface, the thickness of a layer,
permeability, corrosion, carbonation or chloride penetration, alkali-aggregate reaction, et al.
(Breysse, 2012). The standard NDT methods are surface hardness methods, penetration resistance
methods, ultrasonic pulse velocity method and maturity method (Malhotra et al., 2004). In this
study, Schmidt rebound hammer test and Windsor probe test are utilized, and their details are
described below. These tests are currently the most widely used NDT tests. The reason why these
two NDTs are combined and used is that Schmidt rebound hammer test is based only on the
surface hardness. However, Windsor probe test is based on both hardness of the surface hardness
and hardness of concrete components. High accurate results will be obtained with the combined
method.
2.1

Rebound Hammer Test

The test hammer for concrete was developed by Ernst Schmidt in the early of the 1940s (Kolek,
1958). In this test, the surface hardness is used to estimate the in-place compressive strength of
the concrete (ASTMC805/C805M−13a, 2014). A typical chart for the relationship between the
rebound number (R) and the compressive strength of the concrete is shown in Fig. 1 (Hannachi et
al., 2014). The curves in this chart based on the samples from 14 to 56 days for cylinder
compressive strength and also the surface is smooth and dry. This test is almost the most popular

method among the NDT methods (Rojas-Henao et al., 2012). Although the rebound hammer test
is quick, practical, and economical, it is affected by many factors such as the type of cement, type
of coarse aggregate, the rigidity of the surface, the age of the test samples, carbonation of the
concrete surface. These limitations have the critical effects on the accuracy of the test results
(ACI_2281r_03, 2003).

Figure 1. Conversion curves between the rebound numbers (R) and the compressive strength of the
concrete.

2.2

Windsor Probe Test

Among the penetration test methods currently feasible, the most popular and commonly used is
the Windsor probe test (Swamy et al., 1984). These methods are based on the measuring of the
depth of the penetration of the steel probes into the concrete and provide a result of the penetration
resistance of the concrete that can be related to its strength. Test equipment of Windsor probe test
system was developed at the end of the 1960s in the USA (Fig. 2) (Malhotra, 1974).

Figure 2. Windsor probe test equipment.

The method of testing is that a steel probe which is hardened steel alloy with 6.35 mm diameter,
79.5 mm length drives into the concrete by a powder-actuated driver which has two different
power level (the standard and low power). After the operation, the exposed probe length is
measured which has a high correlation with the compressive strength of the concrete
(ASTMC803/C803M-03, 2010). Finally, the Table 1 that shows the relationship between the
compressive strength and the exposed probe length is used to estimate the compressive strength
of the concrete (Company, 2012).

The most important limitation for Windsor probe test is a minimum thickness of the concrete
member to be tested and minimum acceptable distance, between the test locations or minimum
distance from a test location to any edges of the concrete member. But this test method is simple
to operate and quick and also has resulted in high accuracy (Lopes et al., 1999).
Table 1. Relationship between the compressive strength of the concrete and the exposed probe length for
the low-power range of the Windsor probe system according to operator’s manual of James Instruments
Aggregate
Mohs
No
3

7

3

Exposed
probe
length
(mm)
36.1
45.7
57.5
46.1
53.4
62.4

fc
(MPa)
10.7
19.4
30.1
10.7
19.4
30.1

Exposed
probe
length
(mm)
38.3
48.3
60.8
47.8
55.4
64.9

fc
(MPa)
12.7
21.8
33.1
12.7
21.8
33.1

Exposed
probe
length
(mm)
40.6
51.3
64.2
49.5
57.7
67.5

fc
(MPa)
14.8
24.5
36.2
14.8
24.5
36.2

Exposed
probe
length
(mm)
43.0
54.3
51.3
60.0
-

fc
(MPa)
17.0
27.2
17.0
27.2
-

METHODOLOGY AND ANALYSIS OF COMBINING NDT METHODS

In this study, the combined method has been developed by using Schmidt rebound hammer test
and Windsor probe test in two steps. In the first step, the present data in the literature has been
used (Malhotra, 1974). After the analyses, it has been concluded that the combined method is
more efficient than the Schmidt rebound hammer and Windsor probe tests. The second step is the
production of a general formulation for the combined method. The final combined method has
been developed by using the values of R in Fig.1 and the values of the exposed probe length in
Table 1.
In both steps, response surface methodology (RSM) has been utilized widely as an efficient tool
to determine the relation between parameters and responses has been used when the data are
analyzing (Alyamac et al., 2017). The RSM has several advantages, such as the efficiency to
predict the model for each response, to construct a robust model with a small number of
experimental data points, to assess the interaction effect between the factors and to locate the
optimal response (Myers et al., 2016). The variables are rebound hammer number (R), and
exposed probe length (w) and also the response is the compressive strength of the concrete. A
commercially available software package (Design-Expert) is used to design the analysis by using
the section of the historical data design (Inc., 2016).
In the first step, an RSM model with a total of 15 concrete mixes, which were produced by Prof.
Malhotra (1974) with gravel and limestone aggregates was constructed (Malhotra, 1974). The
reason why the data of research that belong to Prof. Malhotra were used in this study is because
his paper simultaneously includes the NDT results for the different mohs number. The
relationship between the compressive strength and the rebound hammer test and also probe
penetration test is given separately in Fig. 3. The combined model with the same data is presented
in Fig. 4. The model F-value of 51.27 and R-squared of 0.90 implies the model is significant. Fig.
4 displays that the combined model more effective than the separate test methods.
The variables defined for analysis of the final combined method are shown in Table 2 and also
The analysis of variance (ANOVA), mainly utilized to determine the F-value and P-value, was
performed to verify the adequacy of the model. The ANOVA results of the model are presented
in Table 3.
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Figure 3. The relationship between the fc and the R (left side) and also w length (right side).

Figure 4. Response surface 2D-3D plots indicating interaction effects of the variables on fc.

The P-value is less than 0.001, which indicate that the lack-of-fit is not significant compared to
the pure. Also, the Pre R-Squared of 0.99 is in very good agreement with the Adj. R-Squared of
0.99. All these results obtained by ANOVA display that the model is significant (Table 4).
Table 2. Variables and range of variation
Aggregate
Mohs No
3
7

Symbols
Real
Coded
R
X1
w
X2
R
X1
w
X2

Range of variation
-1
0
20
30
36.1
50.15
20
30
46.1
56.80

+1
40
64.2
40
67.5

Table 3. Results for full regression models
Responses
Compressive strength (Mohs No: 3)
Compressive strength (Mohs No: 7)

MSE
240
240

F-value
<0.0001
<0.0001

Model P-value
<0.0001
<0.0001

Table 4. ANOVA results for fitted numerical models (actual factors)
Model terms
X1
X2
X1 X2
C (constant)

4

Compressive strength
(Mohs No: 3)
Coefficient
P-value
0.172
0.0015
0.611
<0.0001
0.0027
0.0018
-16.71
-

Compressive strength
(Mohs No: 7)
Coefficient
P-value
0.198
0.0006
0.442
0.0002
0.0068
0.0007
-19.92
-

RESULT AND DISCUSSIONS

ANOVA results showed that the best model to fit the correlation among the compressive strength
of concrete and the rebound number and also exposed probe length is linear, as listed in Table 4.
Fig. 5 and 6 displays the response surface 2D-3D plots indicating the effect of R number, and w
length on the compressive strength results for an aggregate Mohs number of 3 and 7, respectively.

Figure 5. Response surface 2D-3D plots indicating interaction effects of the variables on fc. (Mohs: 3).

Figure 6. Response surface 2D-3D plots indicating interaction effects of the variables on fc. (Mohs: 7).

Figure 7. Trace plot of the compressive strength (aggregate Mohs number of a) 3 and b) 7).

As indicated in Fig. 5 and 6, the rebound number and the exposed probe length have significant
effects on the compressive strength of the concrete. These effects can be seen in Fig. 7 as a trace
plot. These effects mean that Schmidt and Windsor Tests can effectively determine the strength
properties of the concrete together. The slopes of the curves are different from each other in Fig.
7a but, they are almost the same in Fig. 7b. The reason for this difference is the hardness of the
aggregates. It is obvious that the strength of the aggregate is very effective on the results of
rebound hammer and probe penetration test as well as the new combined test. Both the rebound
hammer test and the probe penetration test are really good option to estimate the in-place strength
of the concrete structures. In addition, the combined method with these tests is the best option.
The probe penetration test results are more meaningful than the results of the rebound hammer
test, which is a surface hardness tester only. The probe can penetrate up to about 50 mm in
concrete, so the probe penetration test results are affected lesser degree by surface conditions
(Malhotra et al., 2004).
The suggested combine method can effectively be used for the urban regeneration projects to
determine the compressive strength of the hundreds or thousands of the buildings in limited time.
5

CONCLUSION

In this study, an efficient combined method was developed to estimate the in-place strength of the
concrete. As a result of the analyses, the following conclusions can be drawn:
 The new combined method, which consists of Schmidt rebound hammer and Windsor
probe tests can be used efficiently to estimate the in-place concrete strength. For example,
it is possible to estimate the concrete strength of many existing buildings such as urban
regeneration projects.
 When these two tests, rebound hammer and probe penetration, combined to estimate the
concrete strength, the results showed that this combination is efficient. However, detailed
experimental studies of both early and advanced age should be performed in order to be
able to use this method more efficiently.

 The new combined method is not only practical and reliable but also economical when it
compared to the core drilling method.
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