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Abstract 
This paper analyses the effects of high temperatures on the concrete residual strength using the ultrasonic 
pulse velocity (UPV). An experimental investigation was conducted to study the relationship between 
UPV residual data and compressive strength of concrete with different mixture proportions. Cylindrical 
specimens with water-cement ratio of 0.25, 0.30 and 0.50 were heated in an electric furnace at 
temperatures ranging from 200°C to 600°C. After heating, the specimens were cooled down to room 
temperature in the furnace and then taken out for testing. For each specimen, the UPV and compressive 
strength were measured.  From the relationship between UPV and residual strength ratios, a general 
equation was proposed for predicting the compressive strength of concrete at high temperatures. The 
results obtained indicate that the application of UPV has demonstrated to be a trustworthy analysis, being 
able to prove the effectiveness of its use on fire-damaged concrete structures. 
Keywords: Ultrasonic pulse velocity, concrete, fire, residual strength 
 
 
 
1.  Introduction 
 
Concrete is the most widely used material in the world. The reasons for the widespread 
use of this material are correlate to the variety of shapes and sizes, cheapest price and 
excellent properties of resistance and durability. During its service life, concrete are 
submitted to several types of chemical and physical actions and, thus, its performance 
can differ due to its composition. Furthermore, the concrete behavior are influenced by 
natural actions related to the environment or exceptional actions. 
Fire represents one of the most severe environmental conditions to which material are 
subjected. When concrete exposed to high temperatures, the chemical composition and 
physical structure change considerably, resulting in a significant reduction of the 
mechanical properties, such as strength, modulus of elasticity and volume stability. 
These changes are related to differential thermal expansions between the aggregate and 
cement paste associated to dehydration of the cement paste due to decomposition of the 
calcium silicate hydrate (C-S-H) [3].  
One of the successful techniques for detection of chemical and physical changes and 
damage in concrete is the use of nondestructive testing methods. On this study, the 
ultrasonic pulse velocity method has been used to establish relationship between 
compressive strength and the ultrasonic pulse velocity propagation when concrete is 
exposed to elevated temperatures. 
 
1.1 Concrete on high temperatures 
 
According with Mehta and Monteiro [5], human safety in the event fire is one of the 
considerations in the design of residential, public and industrial buildings. Concrete has 
a good service record in this respect.  
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Unlike wood and plastics, concrete is incombustible and does not emit toxic fumes on 
exposure to high temperatures. Unlike steel, concrete can be considered an insulating 
material due to its low thermal diffusivity (7).  
Although concrete is widely recognized, in the most cases, as fire-resistant material, 
concrete undergoes considerable changes in micro and macrostructure levels when 
submitted to high temperatures. These changes have a significant influence on concrete 
properties. Under certain heating conditions, the dehydration of C-S-H, the thermal 
incompatibility between aggregate and cement paste and spalling are recognized as the 
main factors that influence the behavior of concrete on high temperatures. 
Several experiments studies had been carried out to investigate the behaviour of High 
Performance Concrete (HPC) on high temperatures. These studies have indicated HPC 
is more prone to spalling than normal strength concrete (NSC) [2]. The possible reason 
might be that the dense microstructure of HPC keeps the moisture vapour from escaping 
under high temperatures. Considerable pore pressure is therefore established. If the pore 
pressure is higher than tensile strength of HPC, spalling occurs. 
The assessment of cementitious materials by using Nondestructive Testing (NDT) is an 
important area since it allows estimating the quality and deterioration degree of the 
materials [6]. On this way, one of the techniques most used to diagnose the thermal 
damages in concrete, in terms of strength loss and durability loss is the application of 
the Ultrasonic Pulse Velocity (UPV) with the aim to evaluate the deterioration levels in 
the materials after fire. 
It is worth to recognize that the integrity of structures in fire should be made with 
caution since after the fire exposure, they can exhibit high levels of deterioration and 
significant strength loss. So that the utilization of estimative methods for compressive 
strength of concrete by using NDT tests is recommended as regarding the conservation 
of structure in fire as regarding the simplicity in collecting data about the fire scenario.  
The correlation between residual compressive strength ratio and UPV ratio can become 
an important tool for assessment and recovery of concrete structures in fire, as well 
estimation of the residual strength of the materials. The use of UPV method will allow 
in order the determination of parameters which can characterize the damages in concrete 
structures submitted to high temperatures. 
Studies recent incidents of fires in tunnels have indicated that the thermal degradations 
can disclose off more accentuated form in concrete of high resistance than concrete of 
normal resistance.  Research had indicated that this behaviour drift of the fact of that the 
concrete of high resistance possesses a lesser and more refined porosity, which favours 
the capture of the water vapour in the pores, resulting in high pressures and provoking 
explosive ruptures of the material, in case that the tensile strength of the same is 
exceeded [11, 12]. 
One of NDT techniques that is used to determine the actual damages for the action of 
high-temperature in the concrete, in terms of significant losses of resistance and 
durability, is the application of UPV tests with the purpose to evaluate the deterioration 
state of material after the accident. One is outstanding that evaluations of the integrity of 
injured structures must be accomplished with caution, since the structures meet 
damaged and with potential strength losses.  

 
 



 
 

Figure 1: Heated concrete samples 
 
1.2 Ultrasonic Pulse Velocity 
 
NDT are used in civil engineering for controlling new structures as well as for assessing 
the level of damage of old structures [7]. One of most used NDT method used to check 
internal characteristics are UPV. UPV can be considers as one of most promising 
methods for evaluation the concrete structures, therefore it makes possible to carry 
through an examination of material homogeneity. Using this test it is possible obtained 
a total control of structure, using the properties variations in the time.  Through the 
analysis of variations at the UPV are possible verify the structure compacity or detect 
heterogeneous regions.  
According ASTM E 114-95 [8] UPV tests serve to characterize a material, to determine 
the integrity and to measure another physical properties that influence the propagation 
of waves. They are a useful technique for quality control, being able to use for detention 
of defects, thickness measurement or materials characterization of concrete. 
UPV are successfully uses to evaluate the quality of concrete for over 50 years. Using 
this tests it is possible to obtain the dynamic modulus of elasticity, the Poisson’s ratio 
and the thickness of concrete slabs [9]. Besides, if enough information are known about 
the concrete mix, it also allows the estimation of the compressive strength, as 
demonstrated by Lorenzi, Campagnolo and Silva Filho [10].  
Thought ultrasonic tests offer the chance to make a total control of structure elements, 
during the time. The results of analysis are used for prognostic of the quality or to 
correction the technological process. The UPV tests are used to verificate the concrete 
quality, evaluation of the presence of imperfections or damages caused by fire 
exposition. 
The tests also explore the relation between concrete quality and the compressive 
strength. The main idea is to explore the fact that ultrasonic velocity waves are function 
of the density of material and, that are correlate with the compressive strength [13]. 
 
 
 



 
 

Figure 2: UPV tests 
 
 
2. Experimental Details 

2.1 Materials 

In this research, the Portland Cement used was equivalent to ASTM type V. Silica fume 
sourced commercially was used as cementicious materials.  The coarse and fine 
aggregates used were crushed siliceous and natural river sand with nominal sizes of 19.0 
mm and 4.8 mm, respectively. A superplasticizer was use for 70 and 90 MPa grade 
specimens, to achieve the required workability of concrete mixes. 

2.2 Mix proportions 

The study has been performed on 3 mixtures: two of High Strength Concrete (HSC) and 
one of Normal Strength Concrete (NSC).  The mix proportions and the related 28-day 
concrete compressive strength are summarize in table 1. 

 

Table 1: Batches quantities in kg/m3. 

Concrete mix 
Batch quantities (Kg/m3) 

40 MPa 70 Mpa 90 MPa 
Ordinary portland cement 367 493 520 
Silica fume - 49 52 
Coarse aggregate (19 mm) 1083 1118 1136 
Sand (2,4 mm) 716 634 628 
Water 183.5 150 140 
Superplasticizer - 2.46 4.27 
fc28days (MPa) 43.2 77.8 85.8 

  



2.3 Sample preparation and test details 

For each batch, 12 cylindrical specimens (10 mm x 20 mm) were demold 24 hours after 
casting and placed in a water tank at room temperature for 90 days. After this process, 
the samples were placed in an electric furnace and heated up to 200°C, 400°C e 600°C. 
Each temperature was maintain for 2 hours to achieve the thermal steady state. The 
results were compare with references values at room temperature (unheated concrete 
specimens). The heating rate was set at 27.4°C/min. Before the fire tests, the specimens 
were allowed to cool naturally to room temperature. Then, the mechanical properties 
tests and NDT tests were conduct according with NBR-5739/94 [1] e ASTM E-114/95 
[8], respectively. For each test, the result represents the average of the representative 
results of three cylindrical specimens of concrete. 
 
 
3. Results and Discussion 

The variation of properties in concrete exposed to elevated temperatures depend on 
many factors such as constituent materials, initial strength, age, water content, etc. The 
interdependency of these factors difficulties the development of an accurate model. 
However, there is no doubt that when concrete (NSC and HSC) is exposed to rapid 
temperature rise, such as fire, there is a significant reduction of compressive strength, 
see figure 3. A comparison of NSC and HSC specimens has been carry out. The results 
have shown that the compressive strength losses of NSC occur in a gradual manner, 
while in HSC specimens, there is a general tendency of increase of strength that varies 
from 3 to 12% in 200ºC. This increase can be attribute to a slow process of hydration 
that is stimulated by the temperature [4]. A similar behaviour was observe by Castillo e 
Durrani [2] in samples heated up to 300ºC. According to the authors, the increase in 
strength is attribute to the general stiffening of the cement gel or the increase in surface 
forces between gel particles due to the removal of absorbed moisture. Between 400ºC 
and 600ºC, the reduction of compressive strength are more pronounce in HSC 
specimen. This effect is attribute to spalling damage during the heating. 

The figures 4, 5 and 6 show a comparison between compressive strength of concrete 
and ultrasonic pulse velocity, both dependent on the temperature, for three different 
mixture proportions. Clearly, it was observe that there is a reduction in compressive 
strength of concrete as well in the UPV results for both NSC and HSC cylindrical 
specimens. This behaviour has been expect since a rapid temperature increase causes 
significant changes in porosity and permeability of concrete due to release of absorbed 
water, dehydration of C-S-H and, probably, formation of micro and macro-cracks. All 
these processes lead to an increase in the connectivity of pores network. The increase in 
porosity/permeability can be represent by UPV results since any material imperfections, 
cracks or voids will cause an increase in the time of wave propagation through the 
length of the cylinder, resulting in lower ultrasonic pulse velocities. 

 

 



 

 
 

Figure 3: Compressive strength of concrete results in function of temperature. 
 

 

 
 

 
Figure 4: Compressive strength of concrete and UPV results for fc=40 MPa.  

 
 



 
 

Figure 5: Compressive strength of concrete and UPV results for fc=70 MPa. 
 
 

 
 

Figure 6: Compressive strength of concrete and UPV results for fc=90 MPa. 
 

 
Figure 7 indicates the correlation between residual compressive ratio and UPV ratio for 
both NSC and HSC samples subjected to high temperatures. It was observe that both 
have a similar behaviour with the increase of temperature. 
 
 



 
 

Figure 7: Residual compressive strength and UPV ratios for both NSC and HSC 
samples. 

 
4. Conclusions 
 
In this study, a series of tests were perform to evaluate the changes in compressive 
strength and ultrasonic pulse velocity of concrete subject to high temperatures as well as 
to establish a relationship between residual compressive strength and UPV ratios. Based 
on the experimental results, the following conclusions are drawn: 
 
 - The mixture proportion has a significant role on the residual compressive 
strength of concrete subjected to elevated temperatures. In normal strength concrete 
(NSC) the reduction of strength happens gradually with the increase of temperature, 
while in high strength concrete, there is a general increase of strength in 200°C, 
however, from 400°C the specimens experimented a considerable loss of strength, 
mainly due to the development of cracks and the occurrence of explosive spalling; 
 
 - There is a reduction in compressive strength as well in the UPV results for both 
NSC and HSC samples due to the increase of porosity/permeability in fire-damaged 
concrete; 
 
 - A relationship between the residual compressive strength and UPV ratios can be 
establish to estimate the residual strength ratio of fire-damaged concrete with the 
measured residual UPV ratio; 
 
 - The UPV method has demonstrated to be an important tool used for evaluating 
the changes in homogeneity and density of concrete submitted to high temperatures as 
well as estimating quantitatively the residual compressive strength of fire-damaged 
concrete. Further studies are necessary to increase the feasibility and precision of the 
method. 
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