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In this work it was analyzed the residual performance of Portland cement concretes, when cold after heat-treated up to 
600°C. Granite-gneiss was used in the three concrete mix proportions as the coarse aggregate, and river sand with finesses 
modulus of 2.7 as the fine aggregate. Ultrasonic pulse tests were performed on all the specimens and ultrasonic dynamic 
modulus were obtained. An artificial neural network of the backpropagation type was trained to evaluate and apply models in 
predicting residual properties of Portland cement concretes. The input layer for both models consists of an external layer input 
vector of the temperature. The hidden layer has two processing units with hyperbolic tangent sigmoid transfer functions (tansig 
for short), and the output layer contains one processing unit that represents the network’s output (ultrasonic pulse velocity or 
modulus of elasticity) for each input vector. The training phase of the network converged for reasonable results after 5.000 
epochs approximately, resulting in mean squared errors less than 0.02 for the normalized data. The neural network developed 
for modeling residual properties of Portland cement concretes was shown to be efficient in both the training phase and the test. 
From the results reasonable predictions could be made for the ultrasonic pulse velocity or dynamic modulus of elasticity by 
using temperature. 
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I. INTRODUCTION 

 
Concrete, although not a refractory material is noncombustible and has good fire-resistance properties [1]. Fire resisting 

concrete is intended to give protection to the reinforcement in a reinforced concrete structure for a limited period of time as in 
the case of accidental fires, thus preventing high temperatures in steel, loss of strength in which may otherwise cause structural 
collapse [2]. The term fire resisting should not be devoted to concrete alone in general definition, but to its main constituent 
materials, i.e., aggregates, cement, and water [1]. Under normal environmental exposure Portland cement concrete structures 
are seldom subjected to high temperatures, but since concrete is widely used in civil construction concrete structures can 
occasionally be subjected to temperatures several hundred degrees Celsius higher from 50°C, when submitted to fire or 
exposed to continuous or recurring high temperatures. This is particularly the case for the nuclear industry. 

Since the early 1950s the nuclear industry has generated radioactive wastes. The development of surface structures for 
the interim storage of high-level radioactive waste or under-ground structures for long-term storage, intermediate-level and 
possibly high-level waste is a focus of research activities in many countries. Cementitious materials are already widely used for 
waste conditioning and containers and could be further used for the formation of disposal engineering barriers. Among the 
wastes intended for long-term underground storage, high-level wastes are characterized by the important quantity of heat that 
they generate over decades [3]. The structures designed to store these wastes may be subjected to increase in temperature up to 
200-250°C [4] but compared to time scales considered for storage these conditions will only prevail for short periods [3]. 
Moreover, a concrete shield is exposed to heat transferred from the heated parts of the reactor system and heat produced 
internally by the attenuation of neutrons and gamma rays. Energy captured from the slowed down fast neutrons and gamma 
rays entering the shield from a reactor core is deposited within the shielding material and liberated as heat. The total amount of 
heat generated in the shielding material is quite considerable. Temperature of thick concrete sections used as prestressed 



 

 

 

 

concrete in the pressure vessels of nuclear reactors could reach as high as 400°C [5].  
Much attention has been paid to the properties of concrete under elevated temperatures. However, from the engineering 

viewpoint the residual properties, measured after cooling down to room temperature, are of very high relevance because the 
decision either to strengthen or to pull down the structure can change significantly the cost of rehabilitation. It must be pointed 
out that one emerging severe problem is the safe dumping of the polluted demolished concrete structures [6]. 

Evaluating the integrity of a Portland cement concrete structure using a non-destructive test (NDT) permits to safeguard 
the integrity of the structure during the analysis. The purpose of the non-destructive testing is to detect, locate and sizing 
discontinuities in materials. Among non-destructive tests the ultrasonic techniques are the most used in engineering materials 
under inspection. Ultrasonic pulses have been used in research for diagnostic examination of concrete since the late 1940s and 
the now ubiquitous PUNDIT (Portable Ultrasonic Non-destructive Digital Indicating) apparatus was developed in the early 
1970s, and its use for on-site diagnostics developed relatively quickly [7]. Ultrasonic pulse velocity (UPV) method is based on 
measuring the velocity of compression stress waves. The ultrasonic pulse is produced by applying a rapid change of potential 
from a transmitter-driver to a piezoelectric transformation element that makes it to vibrate at its fundamental frequency. The 
transducer is placed in physical contact with the material surface so that the vibrations are transferred to the material. After 
travel through the material the vibrations are received by a receiver unit. The wave velocity is calculated using the time taken 
by the pulse to travel the measured distance between the transmitter and the receiver. The pulse velocity can be obtained with 
the equation: 
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where v is the pulse velocity (km/s), L is the path length (cm), and t is the transit time (µs). 
Falcão Bauer reported a criterion to predict concrete quality based on UPV. According to him a good quality concrete presents 
UPV measurements higher than 4,500 m/s, and UPV measurement results on bad quality concretes range from 2,000 to 3,000 
m/s or even lower than 2,000 m/s [8]. Since the quality of some materials is related to elastic stiffness, UPV measurements in 
such materials could be used to indicate their quality and to determine their elastic properties [9]. The ultrasonic modulus or 
dynamic modulus of elasticity is a good index of the stiffness of the material and is useful as a comparison value. It can be 
obtained with the equation: 
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where Ed is the dynamic elastic modulus (MPa), ρ is the density (g/cm3) and v is the velocity of ultrasonic pulse propagation 
(m/s). However, the application of elastic waves for NDT in civil engineering is challenging task because of the heterogeneity 
of materials typical like concrete. 

A better understanding of the residual Portland cement concrete behavior, after submitted to high temperature regimes, 
gains importance for predicting the properties and behavior of the concrete elements in civil engineering structures. Obtaining 
a model to describe the relationship between residual velocity of ultrasonic pulse propagation or dynamic modulus of elasticity 
and temperature is important, so it could be used to evaluate the quality of the concrete remaining in a structure after submitted 
to high temperatures. Because of the difficulty of finding a proper solution to this problem by using analytical methods, the use 
of artificial neural networks is justified. 

Artificial neural networks (ANN) have been developed as generalizations of mathematical models of biological nervous 
systems and the basic processing elements of neural networks are called artificial neurons (or simply neurons or nodes). In a 
simplified mathematical model of the neuron, the effects of the synapses are represented by connection weights that modulate 
the effect of the associated input signals, and the nonlinear characteristic exhibited by neurons is represented by a transfer 
function. The neuron impulse is then computed as the weighted sum of the input signals, transformed by the transfer function, 
and the learning capability of an artificial neuron is achieved by adjusting the weights in accordance to the chosen learning 
algorithm [10]. ANN have been a modeling scheme widely used for the multivariate non-linear analysis. The optimal nature 
and easy implantation of artificial neural networks has been the main reasons for its use in different knowledge fields. Neural 
networks can process great amounts of data in a short period of time that typically could only be analyzed by one specialist 
[11], and with their remarkable ability to derive meaning from complicated or imprecise data, they can be used to extract 
patterns and detect trends that are too complex to be noticed by other computer techniques due to adaptive learning. ANN are 
essentially networks of many simple processing units (neurons or nodes) with dense parallel interconnections where each 
neuron receives weighted inputs from other neurons and communicates its outputs to other neurons by using an activation 
function. Thus, information is represented by massive cross-weighted interconnections. Neural networks might be single or 
multilayered [9]. According to Sydenham and Thorn [10], in a typical artificial neuron the signal flow from inputs x1, . . . , xn 
is considered to be unidirectional, and the neuron output signal O is given by the following relationship: 
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where wj is the weight vector, and the function f(net) is referred to as an activation (transfer) function. The variable net is 
defined as a scalar product of the weight and input vectors: 
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where T is the transpose of a matrix. In the simplest case, the output value O is computed as: 
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where θ is the threshold level (this type of node is called a linear threshold unit). 
The aim of this study is to investigate the possibility of using an ANN of the backpropagation type to evaluate and 

apply models in predicting residual properties of Portland cement heat damaged concretes. It was proposed the use ANN for 
describing the relationship between residual velocity of ultrasonic pulse propagation or dynamic modulus of elasticity and 
temperature. 
 
 

II. EXPERIMENTAL 

 
Materials.  Three concrete compositions were used for the study: two compositions with characteristic compressive strengths 
(fck) at 28 days of 35 MPa and one composition with characteristic compressive strengths at 28 days of 40 MPa. Those 
concretes are classified on the basis of their compressive strengths and they are referred as C35 and C40, where the numbers 
denote the specified fck in MPa [12]. The test specimens (cylinders with 10 cm in diameter and 20 cm in length) were cast 
according to the NBR-5738 Brazilian Standard Test Method [13]. The materials used in the fabrication of the three concrete 
compositions were: tap water; 19 mm maximum sized granite-gneiss as the coarse aggregate and river sand with finesses 
modulus of 2.7 as the fine aggregate. One of the C35 compositions used a lignosulphonate based plasticizer admixture (0.5 % 
by weight of cement) as water reducer. The other C35 composition used as water-reducing admixture a sulphonated 
naphthalene superplasticizer (1.0 % by weight of cement) and calcareous filler with finesses modulus of 1.6 and 2.4 mm 
maximum size. Sulphonated melamine superplasticizer was used in the C40 composition (0.4 % by weight of cement) as 
water-reducing admixture. Sixteen percent of the cement was replaced by silica fume in the C40 composition. Brazilian CP II-
E-32 Portland cement (ASTM Type I SM) was only used in one of the C35 compositions. A Brazilian CP V ARI PLUS 
Portland cement (ASTM Type III) was used in the other C35 composition and also in the C40 composition. Twenty-four hours 
after casting the specimens were demolded and subjected to moist curing for 28 days. After the 28th day they were placed in a 
room with temperature and humidity controlled at 25°C and 65%, respectively.  The concretes density ranged from 2.4418 
g/cm3 to 2.6903 g/cm3. 
 
Heat-Treatments.  The cylindrical specimens were placed unsealed and unloaded in an open to air electric furnace and they 
were heated to one of three test temperatures (180°C, 300°C and 600°C). The temperatures were regulated to increase at a rate 
of about 30-50°C/hr (RILEM [14]), and remained constant at the designated temperature regimes for 2 hours, in order to 
homogenize the temperature field of the specimen. The cooling rate used for the tests were 10°C/hr and the cooling process of 
the furnace was controlled down to 200°C and then the specimens reached the room temperature by natural cooling within the 
closed furnace. After heat-treated, the specimens were left to rest for 6 to 8 weeks in a controlled environment of 25°C and 
65% R.H. before being tested, in order to reach the minimum strength situation (RILEM [15]).  
 
Ultrasonic Pulse Velocity. The tests were carried out using a portable ultrasonic non-destructive digital-indicating tester 
PUNDIT Mk V, with flat transducers (nominal frequency of 99 kHz and diameter of 25 mm) in accordance with NBR-8802 
Brazilian test method [16]. The cylindrical specimens were tested at ambient conditions (25°C and 65% R.H.).  
 
 

III. RESULTS AND DISCUSSION 

 
The neural networks design involve the choice of several parameters that include the network architecture, number of 

hidden layers, number of neurons in the hidden layers, training, learning and transfer functions. Neural networks might be 
single or multilayered. There are no established rules to determine the architecture of a back-propagation neural network. To 
train an ANN using backpropagation to solve a specific problem there are generally four main steps in the training process: 



 

 

 

 

1. Assemble the suitable training data. 
2. Create the network object. 
3. Train the network. 
4. Simulate the network response to new inputs. 

A neural network has to be configured such that the application of a set of inputs produces the desired set of outputs. In 
the present study, after trying various network architectures it was selected a two-layered architecture for the prediction and 
two models are proposed. The input layer for both models consists of an external layer input vector of the temperature.  The 
hidden layer has two processing units with hyperbolic tangent sigmoid transfer functions (tansig for short), and the output layer 
contains one processing unit that represents the network’s output (ultrasonic pulse velocity or modulus of elasticity) for each 
input vector. This output vector uses a linear transfer function (purelin for short). Figure 1 shows the ANN model. 
 
 

 
Figure 1. ANN model for UPV and for modulus of elasticity. 

 
 

The training phase of the network converged for reasonable results after 5.000 epochs approximately, resulting in mean 
squared errors less than 0.02 for the normalized data. 

Figure 2 shows a relationship between ultrasonic pulse velocity for all the concrete specimens and heat-treatments 
temperature. Figure 3 shows a relationship between dynamic modulus of elasticity of concrete specimens and heat-treatments 
temperature.  

 



 

 

 

 

 
Figure 2. Temperature versus UPV of C35 and C40 concrete specimens. 

 
 

 
Figure 3. Temperature versus dynamic modulus of elasticity of C35 and C40 concrete specimens. 

 

 



 

 

 

 

IV. CONCLUSION 

 
In the present work the ultrasonic pulse velocity, dynamic modulus of elasticity and temperature were analyzed by 

means of a two-layer backpropagation neural network model. From the results reasonable predictions can be made for the 
ultrasonic pulse velocity or dynamic modulus of elasticity by using temperature.  

The backpropagation learning rule to multiple-layer networks and nonlinear differentiable transfer functions has shown 
good behavior for training an ANN for the data presented, being a promising method for obtaining good correlations between 
concrete data. 
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