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Abstract

At the design stage of a structure, the members of adequate dimension and
strength is provided. But with passage of time, the strength of the members
reduces gradually due to exposure to environmental conditions and unexpected
loadings other than for which the structure is designed. Non Destructive Testing
(NDT) method provides a convenient and rapid method of determination of
existing strength of concrete without subjecting the member to any damage. In
the present study, Support Vector Regression (SVR) in Python has been used for
the prediction of compressive strength of concrete. Three different NDT techniques
have been used as input for the SVR model. A good co-relation between predicted
strength and strength determined after crushing the concrete cubes has been
achieved. It has also been observed that accuracy in the predicted strength is more
in case of inputs from more than one NDT technique is used.

Keywords: rebound hammer, ultrasonic pulse velocity, penetration, support vector Received: 30 April 2019
; Accepted: 03 June 2019
regression, NDT. Published: 24 June 2019

1 Introduction

Concrete is an incredibly essential material in construction and its strength and durability directly influence
the stability of structures. The structure must withstand safely all the loads liable to act on them throughout
its life. It should also be able to satisfy the serviceability conditions like limitations on deflection and cracking.
Hence the concrete used in construction must always have adequate strength and if it undergoes deterioration,
it should always be within the limits so that there is no damage to life and property. Therefore, it is very
essential to have a system for predicting the strength of material used in existing structures. The testing carried
out on existing structures to assess whether the concrete strength is meeting the strength requirement needs
to be non-destructive in nature. The various non-destructive testing methods are Rebound hammer test, Ultra
sonic pulse velocity etc., where the concrete structure is not damaged except for the nominal damage on the
surface to partially destructive test like Core test and Pull out test where the concrete surface has to be slightly
repaired after the testing is done. Hence, Non Destructive Testing method has good potential in assessing the
integrity of structures throughout its design life without changing or destroying the usefulness of the structure.

The main objective for carrying out NDT is that the various structural properties like strength, quality,
inner cracks or voids could be evaluated without causing any damage to the structure. The various NDT
methods e.g. Rebound Hammer, Ultrasonic Pulse Velocity and Windsor’s probe are used to determine the
strength and quality of material in concrete. From the results it has been observed that the strength predicted
by different NDT techniques do not confirm with one another. Therefore, the result given by different NDT
techniques cannot be used individually for the prediction of concrete strength. It has been observed that to
evaluate the strength more accurately, use of more than one method in combination is more appropriate.

The study involves establishing a relationship using SVR in Python between the strength determined by
Rebound hammer, Windsor’s probe penetration method and Ultrasonic pulse velocity.

2 Related Works

There has been increasing demand to test in-situ concrete to estimate the strength. The semi-destructive testing
methods involving various techniques are available to overcome the problem of more time, damage of structure
due to cutting and extracting of samples. Out of the many available NDT techniques, Schmidt Hammer is the
most popular technique because of its ease of operation, less cost and portability. Tests have been conducted
to find the reliability of rebound hammer in finding the concrete compressive strength and the variation in the
readings due to different exposure conditions. [1]. The total number of samples were divided into 3 groups
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subjected to different environmental conditions. The experiment has revealed that highly dispersive readings
are obtained because of variation in surface properties like smoothness of surface and temperature of specimen
and though rebound hammer has numerous advantages, the measurements of rebound hammer are not unique.
Further studies were conducted to understand the rebound surface hardness of concrete [2]. Experimental
results have indicated that Schmidt rebound hammer provides rebound number which is used to establish
relationship with concrete compressive strength for high w/c ratio samples i.e. for low strength concrete. On
the other hand, for concrete having higher strength, the rebound number is correlated to the Young’s modulus
of concrete and hence the compressive strength is predicted. Further the concrete cube compressive strength
was evaluated using Ultrasonic pulse velocity method [3] and factors affecting the strength were determined.
Those factors affecting the strength were also studied for different types of concrete and a simplified expression
was defined independent of the nature of concrete and its composition. Further the factors affecting the
velocity and strength relationship were also analyzed and artificial neural network was used to model the
velocity-strength relationship [4]. It was found out that the aggregates influenced the velocity-strength
relationship considerably and it needs to be taken into account for the prediction to be accurate based on ultra-
sonic pulse velocity. The ANN model developed could predict the concrete compressive strength using pulse
velocity as input with satisfactory precision. Studies were also carried out to find a unified relationship between
rebound hammer, pulse velocity and compressive strength of concrete [5]. In order to establish the relationship
between the NDT values and compressive strength of concrete, regression analysis was carried out and trials
were carried out to optimize the correlation equation. Pioneering studies were also carried out to find the
influence of material and mix of concrete on rebound hammer and pulse velocity result. Also, the effect of
workmanship was also considered in the experiment [6]. Multiple regressions of both the NDT inputs on the
crushing strength of concrete generated a set of graphs which provided better prediction of concrete compressive
strength. The analysis of in-situ concrete strength assessment was carried out on two RC buildings [7]. The
actual concrete strength was assessed by core testing and NDT test were also carried out and its output were
used to predict the strength. Single NDT results and as well as their combination has been used for strength
prediction. A good quality fit could be established between the predicted and the actual strength. For the
prediction of concrete compressive strength ANN has been used [8]. The training of network was done by the
modification of weights of connections depending on the information the model has learned. The coefficient of
determination was generated to assess how well the model has predicted the strength of concrete. Along with
ANN;, fuzzy logic has also been used for the concrete compressive strength prediction [9]. The experiments
have proved that error rates in fuzzy logic are nominal and hence it can also be successfully used for the
prediction of compressive strength of concrete. Artificial Intelligence possesses improved capability over
conventional modeling methods. And this superior capability has been used for predicting the strength of HPC
using least square support vector regression [10]. For optimization of result, firefly algorithm (FA) has been
used which makes the model fast and effective. SVR has achieved the most desirable result with lesser error in
prediction.

3 Experimental Methodology

Concrete cubes of dimension 150mm x 150mm x 150mm were used to carry out the experiment. About 350
numbers of concrete cubes of above dimensions with varying composition of cement, sand, aggregate and water-
cement ratios were casted and tested in the laboratory. The concrete cubes were cured under controlled
temperature of 254+2°C and tested after 28 days. Each sample of cube was tested initially by above mentioned
NDT methods. Finally, the samples were tested under compression testing machine for obtaining actual
compressive strength.

4 Analytic Study Using Support Vector Regression

Support Vector Machines (SVM) are widely used machine learning techniques for classification problems.
Regression methods are also used in SVM, by keeping all the main parameters that characterize the algorithm.
In support vector regression (SVR), the aim is to determine the function which is unknown-continuously valued
based on a finite number set of input samples [11].

The loss function used in SVR is a new function called insensitive loss function, in which the absolute
residual is off target by or less, then no penalty is assigned.

if ly — flz,w) <ef
otherwise

Loyt = {jy - sy -« )
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Figure 1: Linear SVR for tube fitting with radius € to the data [12]

Fig. 1 shows a linear SVR where linear regression is performed using the new loss function and
simultaneously reduces the complexity of model by minimizing ||w||2. This can be explained by defining (non-
negative) slack variables &;,&5,i=1,...n, for the measurement of deviation in training samples outside
e-insensitive zone. The optimization problem can be deduced as a minimization problem with the following
objective function.

Min $|lwl* + CEr(g, +€)
(Y — flxgw) <e+ & 2)
Subject to (z;,w) —y; <e+¢;
£,60>0i=1,...,n

The constant C'in the above equation finds out the penalties in errors of estimation. Higher value of C
imposes a higher value of penalty to errors such that the training of regression is done to reduce the error with
lesser generalization. When the value of C'is less, it imposes lower value of penalty to errors. This leads to the
margin minimization with errors. The ability for generalization becomes higher. The optimization problem in

the above equation can be converted to dual problem. Its solution is given by
nsv

fl@) =2 (a;—a))K(z;,z) (3)
i—1
where 0< of < C,0< o, < C, where f(z) is the estimated function, «; and «f are Lagrange multipliers
corresponding to the two constraints in (2). ngy, denotes the number of Support Vectors (SVs). K (x;, ) which
is the kernel function, converts the data into a space of higher dimension. This transformation allows to perform
a linear separation. The radial basis function (RBF) is commonly used as the kernel for regression:
k(z;, ) = exp{—7lz — 2} (4)
The performance of SVR depends on fine tuning of parameters C,e and the kernel parameters like . The
values of these parameters adopted in this study is based on trial and error method.

5 Results and Discussion

The data obtained from experimental study has been analyzed using support vector regression. 7 models were
developed out of which 3 models had each of the NDT technique output as input. Another 3 were modelled
with combination of two NDT technique output as input. And the last model had the output of all the three
NDT technique as input. In all the models, the target value provided was the actual compressive strength of
concrete which was found out by subjecting the specimens to compressive load upto failure. Curves as shown
in Fig. 2-4 were developed which shows the relationship between the concrete compressive strength and NDT
data.
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Figure 2: Relationship Rebound Hammer No. and Actual compressive strength.
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Figure 3: Relationship Penetration Depth. and Actual Figure 4: Relationship Pulse Velocity and Actual compressive
compressive strength. strength.

Various kernel functions like linear, polynomial, rbf and sigmoid were used and out of these rbf kernel
function yielded the most precise output. Out of the total data, 70% was used for training and 30% for testing.

Comparison is made between the strength predicted by SVR model and the actual compressive strength
and is shown in Fig. 5-11. Fig. 5-7 shows the relationship between the strength predicted by individual NDT
techniques and the actual compressive strength. Coefficient of determination (R2) was determined for the
prediction made by NDT techniques individually and as well as for their combination. For predictions from
individual NDT techniques, the coefficient of determination (R2) is highest for rebound hammer prediction,
followed by penetration depth and pulse velocity prediction.
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Figure 5: Relationship between strength predicted by Rebound Hammer and actual compressive strength.
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Probe Penetration and actual compressive strength. Velocity and actual compressive strength.

Fig. 8-10 depicts the relationship between the compressive strength predicted by combining the outputs of
2 NDT techniques and the actual concrete compressive strength. Highest level of precision in the prediction is
given by Pulse Velocity-Rebound Hammer combination, followed by Penetration Depth-Pulse Velocity
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Combination and Rebound Hammer-Penetration Depth combination. Fig. 11 depicts the relationship between
the strength predicted by combining the output of all the 3 NDT techniques and the actual compressive

strength.
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Figure 10: Relationship between strength predicted by
Pulse Velocity, Rebound Hammer and Crushing
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Though strength prediction using Pulse velocity alone doesn’t yield good result, when it is used in
combination with Probe Penetration and Rebound Hammer, the results obtained are of very high accuracy.
The coefficient of determination (R?) for individual NDT techniques and as well as for their combination is

shown in Table 1.

Table 1: NDT Techniques v/s Coefficient of determination

S. No. Name of Technique/Method R?
1 Rebound Hammer 0.902
2 Windsor’ Penetration 0.821
3 Ultra Sonic pulse velocity 0.745
4 Rebound Hammer-Windsor' Penetration 0.925
5 Windsor’ Penetration- Ultra Sonic pulse velocity 0.702
6 Ultra Sonic pulse velocity-Rebound Hammer 0.8612
7 Rebound Hammer-Windsor' Penetration-Ultra Sonic pulse velocity 0.8647

From Table 1, it has been observed that the coefficient of determination (R?), which determines the closeness
to the actual result is comparatively less for Ultra sonic pulse velocity method when compared to the other
two NDT techniques. Hence this method alone cannot be used to determine the concrete compressive strength
as its prediction will yield poor result. But it can be used in combination with Rebound Hammer since the
coefficient of determination is higher when combined. The prediction results when all the 3 NDT techniques
are used in combination is high, but the best prediction is given by Rebound Hammer-Windsor' Penetration.
Its coefficient of determination is very much higher and hence its accuracy of prediction will also be high.

Hence the predicted results will have minimal error.
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Conclusion

The present study shows that SVR can be used for the prediction of concrete compressive strength and it has
been observed that the predictions are very much close to the actual compressive strength. Further, the
accuracy of prediction can be increased by providing different combinations of NDT output as data to the SVR
model. From the study it has been concluded that:

e In the case of single NDT technique, the strength prediction using Rebound Hammer is the most

reliable method. It has a very good coefficient of determination of 0.902. This makes the judgement
using rebound hammer quite easy and reliable.

e  The strength prediction using Probe Penetration alone yields a lower coefficient of determination of

0.821 and the accuracy decreases further when it comes to prediction using pulse velocity method,
whose coefficient determination is 0.745. Hence these methods cannot be used alone to predict the
compressive strength of concrete.

e  When the output of 2 NDT techniques were used in combination and fed to the SVR model, higher

value of coefficient of determination of 0.925 could be achieved for Rebound Hammer- Windsor
Penetration combination. Though pulse velocity cannot be used alone for strength prediction, it can
be used in combination with Rebound Hammer and reliable predictions can be achieved, since its
coefficient of determination is 0.861.

e  When 3 NDT techniques were used in combination, coefficient of determination of 0.864 could be

achieved which is appreciable. But the best prediction model in SVR is Rebound Hammer- Windsor'
Penetration combination.
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