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Abstract

A novel nondestructive procedure for the evaluation of water-to-cement (w/c) ratio in concrete is presented. The experimental setup is based

on the method of acousto-ultrasonics; data analysis, however, and recognition of concrete composition from the waveform transmitted through

specimen thickness, are achieved by simple time and frequency domain schemes used in this work. Experiments were performed in a number

of concrete specimens made at various w/c ratios and at a number of ages starting from 2 up to 90 days. Recognition results were satisfactory

and the algorithm introduced was successful in identifying the correct w/c ratio in more than 90% of the test cases. The use of existing spectral

analysis techniques such as the coherence function has also proved to be more efficient and fits the purpose. The possibility of water content

determination in fresh paste is also discussed along with preliminary evidence from initial tests.

D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The nondestructive testing (NDT) of concrete, especially

related to strength determination, is a scientific area concen-

trating great interest and research work. One of the factors

affecting crucially concrete’s performance is the water con-

tent (water-to-cement ratio, w/c) [1]. If this ratio is held

below a certain value at mixing, the durability and strength

of concrete are assumed to be of acceptable standards at later

ages. Generally, the strength of concrete is characterized by

the result of compressive tests at 28 days after placing.

However, quality evaluation at earlier ages, even fresh

concrete, is highly desirable.

Several nondestructive techniques based on the stress

wave analysis have been developed for assessing quality of

concrete. Wave propagation is strongly affected by the

elastic properties and density of constituent materials. Thus,

it is assumed to be indicative of structural integrity param-

eters. So far, elastic wave velocity has extensively been used

to estimate concrete strength (e.g. Refs. [2,3]). Models for

28 and 90 days compressive strength prediction, based on 1

and 2 days velocity measurements, have been proposed [3].

The dependence of w/c ratio on ultrasonic pulse velocity for

both concrete and mortar has also been studied [2,4],

although the number of specimens tested in these works is

considered inadequate for accurate determination of w/c

ratio. For cases where thickness ultrasonic examination is

impossible, surface wave velocity was shown to yield

accurate predictions of strength [5]. Effort has also been

given in the testing of fresh concrete [6] and mortar either

with through-transmission [7–11] or reflection techniques

[12–15]. Research in this field, however, is concentrated in

the monitoring of the hardening process and the estimation

of the set time that is of particular interest for certain

applications [16–18] instead of reliable water content

estimation. Study of the water content influence on the

propagating wave is just qualitative in the above works and

no sufficient data for the reliable estimation of w/c ratio of

the freshly mixed material are provided. Additionally, meas-

urements are not conducted for at least 15 min after mixing

or even more, with the exception of Ref. [19], while the

difference in w/c ratio seems to have a clearer influence on

the wave velocity after the first hours.
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A comprehensive literature survey on the usual non-

destructive methods used for concrete testing, concerning

either ultrasound or other techniques, can be found in Refs.

[20,21].

Herein, a method of reliable estimation of w/c ratio of

concrete is presented. The method has been applied to mortar

and concrete specimens of various ages, yielding reliable

estimation of the w/c ratio from the second day. It is based on

simple time and frequency domain analysis schemes of

signals acquired by means of an acousto-ultrasonic (AU)

setup.

This work was undertaken in the framework of a National

project aiming at the development of a methodology for

nondestructive quality of concrete evaluation from the first

days or evenwhen still in fresh state. The project involvedAU

examination of several compositions of mortar and concrete,

along with destructive tests for compressive strength and

parameters of microstructure determination, in order to cor-

relate wave propagation characteristics with properties of

concrete and especially water content. Mortar testing pre-

ceded that of concrete and the methodology presented here

was first applied for mortar evaluation. Although classifica-

tion results from testing of mortar specimens were very

good, the population of the sample is considered adequate

just for preliminary conclusions to be drawn and thus only

results from concrete tests are presented herein as they are

based on a statistically more significant population.

Simultaneously, work was conducted towards character-

ization of fresh paste, although the establishment of an AU

setup, along with a wave analysis methodology, proved to be

much more complicated and results as to w/c ratio recog-

nition less successful.

2. The AU method

The classic AU arrangement consists of two piezoelectric

sensors attached to the object being examined. One of the

transducers is excited using an ultrasonic pulser and the other

is used as a typical acoustic emission (AE) sensor. Therefore,

the method detects characteristics of the stress wave propaga-

tion occurring within the object at a location some distance

from the position of the excitation. It was introduced for

estimation of mechanical properties in composite structures

[22] but has been proven successful also in inspection of

adhesive bond integrity [23], determination of plate wave

velocities [24], porosity evaluation of polymer structures

[25], inspection of biodeterioration in utility poles [26].

Generally, the method is used for monitoring of distributed

properties, e.g. damage, porosity, instead of searching for

specific flaws [27].

The original AU procedure used a single descriptor of the

waveform, called the stress wave factor (SWF) or counts,

which is the number of oscillations of the signal above a

selected voltage threshold. Some other important features are

amplitude (absolute voltage of the highest waveform peak),

energy (area under the rectified waveform), duration (time

elapsed between the first and the last threshold crossing), etc.

These parameters are measured in real time using dedicated

circuitry. In the work presented in this paper, due to the

significant variance exhibited by these time domain charac-

teristics for various w/c classes, a more elaborate analysis of

the waveforms was employed, resulting in an almost excel-

lent classification as to the water content of concrete.

3. Hardened concrete

3.1. Experimental procedure

3.1.1. Test methodology and equipment

The experimental setup used in this work is shown in

Fig. 1. The pulse generator gives rise to an electrical

impulse, of duration practically about 10 ms, which is

transferred as a stress wave into the specimen by means

of a piezoelectric transducer of low resonant frequency,

attached to the center of one surface. The stress wave

propagates through the material and it excites another sensor

of the same type, which is attached on the opposite surface.

This signal is then preamplified, digitized and stored as a

waveform (Fig. 2).

A metallic jig is used in order to assure steady pressure

on the sensors, which are directly attached to the surface of

the specimen (see Fig. 3), while a layer of grease is applied

in the sensor and concrete interface to assure acoustical

coupling. The equipment used consists of two piezoelectric

transducers R6 of Physical Acoustics Corporation (PAC),

resonant nominally in the range 20–120 kHz, pulse gen-

Fig. 1. Schematic representation of the AU experimental setup.
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erator PAC C101-HV, PAC 1220A pre-amps and a MIS-

TRAS 4 channel data acquisition system. The 16-bit A/D

board ensures accurate depiction of the waveform through

the resolution of 0.305 mV. Waveforms were captured at a

sampling rate of 2 MHz, which is considered adequate since

the frequency range of high sensitivity of R6 sensors is

below 200 kHz. Details on the experimental setup are also

given in Ref. [28].

3.1.2. Materials and specimen geometry

High-strength Portland cement was used while the aggre-

gates were of limestone origin and their maximum size was

37.5 mm. The preparation procedure followed the New

Greek standard of concrete technology 97 (�K 303), which

is in accordance with ASTM C192, and took place at the

Greek Center for Cement Research (EKET); 150 mm cubic

specimens were used, the aggregate to cement ratio being

Fig. 3. The experimental arrangement. (1) Pulse generator, (2) transducer, (3) receiver, (4) preamplifier, (5) DAQ system, (6) acquired waveform, (7) supporting

jig, (8) bolt and rubber pad.

Fig. 2. A typical waveform with its basic descriptors.
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a/c = 3, while four different w/c ratios were tested, from

0.375 to 0.45 at a step of 0.025.

Specimen preparation and tests were divided in two

different experimental phases, the first held in year 2000

and the second one in 2001. In total, 14 specimens were

ultrasonically tested from w/c = 0.375 class, 12 from classes

0.40, 0.425, and 16 specimens from class 0.45. The measure-

ments were repeated seven times throughout the first 90 days

of concrete’s life, namely, 2, 4, 7, 14, 28, 60 and 90 days.

Compressive tests took place at the ages of 2, 7, 28 and 90

days on cubes of the same mixture as the ones used for the

AU tests [28].

3.2. Results and discussion

3.2.1. Correlation of AU descriptors with the hydration

process and strength

Apart from the characteristic descriptors of the waveform,

longitudinal wave velocity was calculated as well by meas-

uring the time difference between the first threshold crossing

of the emitted and the received signals. Tests conducted at

different ages revealed considerable changes in wave pro-

pagation characteristics. Higher velocities were measured at

later ages, as expected, accompanied by higher waveform

amplitude. In Fig. 4, waveforms of the same specimen, with

w/c = 0.4, are presented for the ages of 2 and 90 days. It is

obvious that the hardening process due to the hydration

reaction taking place in concrete results in an increase of the

elastic energy transmitted, through the stiffening of the

mortar matrix.

We should mention that the long signal duration is formed

by a combination of potential reflection arrivals and the so-

called ringing behavior of these sensitive AE transducers,

implying that given an initial excitation, the sensor response

exhibits a series of reverberations according to its frequency

sensitivity. Although this behavior somehow ‘‘masks’’ the

pure wave propagation characteristics and makes the dis-

crimination of reflection arrivals troublesome, using the

same type of sensors throughout the whole experimental

series assures that any changes in the obtained signal is

attributed to the different material and allows for valid com-

parisons between specimens of different composition and

age to be made.

Water content also has a significant impact on the

acquired signals as seen in Fig. 5(a) and (b), where wave-

forms of specimens of different composition, w/c = 0.375 (a)

and 0.45 (b), are presented for the age of 2 days. It is obvious

that the higher amplitude waveform belongs to w/c = 0.375

specimen. The higher peak amplitude for low water content

is only a general trend however, and in some cases, wave-

forms originating from higher w/c specimens exhibit peak

amplitude of the same or higher voltage than waveforms of

low w/c (see Fig. 5(c) and (d)). The influence of water

content on wave propagation will be treated thoroughly later

in this paper.

Further processing of waveforms reveals an increasing

trend of time domain characteristics with age as observed in

Figs. 6 and 7, where the waveform peak amplitude and

dimensionless signal energy for various ages are depicted for

all different compositions of specimens. The lines are drawn

Fig. 4. Effect of age on waveform characteristics, w/c = 0.40. (a) 2 days, (b) 90 days.
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using the average values of the population of each composi-

tion. The parameter energy is presented in a dimensionless

form (energy counts) being proportional to the measured area

of the rectified signal envelope. Henceforth, it will be

denoted as energy.

The changes are substantial throughout the first week, but

tend to disappear at ages older than 28 days. This trend

approaches the typical well-known logarithmic increment

that describes the hydration process [1], implying that

changes in wave propagation characteristics are due to this

process. This is confirmed as the characteristics of the

waveforms exhibit linear correlation with strength and have

been used successfully for strength estimation at any age

[29]. An example is given in Fig. 8 where a comparison of

compressive strength and waveform energy for two different

composition classes yields strong linear correlation. Al-

though the trend is clear, the lack of an adequate number

of points does not allow the establishment of a robust pre-

diction model.

3.2.2. Water content influence on wave propagation

As indicated by the different waveforms of Fig. 5 and also

known previously (e.g., Ref. [2]), w/c ratio has a net in-

fluence on the propagating wave. It was also clear in Figs. 6

Fig. 6. Waveform peak amplitude versus age. Fig. 7. Energy versus age.

Fig. 5. Effect of w/c ratio on generated waveforms. (a) w/c = 0.375, (b) w/c = 0.45, (c) w/c = 0.375, (d) w/c = 0.40 for the age of 2 days.
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and 7 that lower w/c ratios result in higher average values of

wave descriptors, which was expected as a change in w/c

affects the modulus of elasticity and porosity of the hardened

cement paste. Nevertheless, the scatter is quite significant as

seen in Fig. 9 where the variation of counts versus w/c for the

age of 2 days and that of energy versus w/c for the age of 7

days are presented. The symbols on the above diagrams

represent averages, while error bars stand for maximum and

minimum measured values. Additionally, velocity measure-

ments, although following the known decreasing behavior

with the increase of water content [2,4], exhibited significant

variance, as seen in Fig. 10(a), which makes velocity a weak

wave characteristic to use for concrete composition iden-

tification. It should be mentioned, however, that velocity

proved a highly powerful descriptor for w/c ratio determina-

tion in mortar, as it exhibited less variance and the difference

in velocity values between specimens of different w/c ratio

was clear, as indicated in Fig. 10(b).

From the above, it is obvious that the overlap exhibited by

the time domain characteristics does not allow reliable

estimation of w/c ratio of a concrete specimen based on a

single feature of the waveform. In that respect, the classical

AU approach is of limited value and more sophisticated

analysis should be sought.

3.3. Classification approach

For the problem at hand, i.e. discrimination between the

members of different classes, representing concrete of vary-

ing w/c ratios, the use of a single standard AE waveform

descriptor was not proven powerful as in other cases [22].

However, since each concrete specimen as member of a class

can be represented by a vector (pattern) whose n components

are its waveform features, more sophisticated, multivariate

statistical analysis approaches can be used to correctly

recognize each pattern. In that respect, one needs to use as

many components of each pattern as to assure the conditions

for successful mathematical pattern recognition in the n-

dimensional space. This implies the definition of waveform

descriptors with high discriminative power not only from the

time domain but also from alternatives offered by signal

transforms in various domains such as frequency, cross-

correlation, etc. In processing that way the waveforms of

the entire database, simple, albeit efficient, procedures were

adopted for classification of the signals, exploiting the

similarities between signals of the same origin which lie

either in the time or in the frequency domain.

3.3.1. Introduction of the cross-correlation scheme

Consider the waveforms, X1(t) and X2(t), of two different

specimens that belong to the same w/c class recorded at the

same age shown in Fig. 11. The similarity of these wave-

forms is apparent. Their product has the shape of the curve

shown in Fig. 12. It is reminded here that the average value

of this function is the value of the cross-correlation function

for time lag equals zero, Rxy(0). An amount of positive area

under the product curve, and also a negative one, is

observed. It was revealed that, the ratio of positive to

negative area is high generally when the waveforms belong

to the same composition. In the example of Fig. 12, it is

equal to 9.19. Instead, the product of waveforms that belong

to different w/c class exhibit low ratio of positive to

negative area, as seen in Fig. 13 where the product of a

2-day w/c = 0.45 waveform and a 0.40 is presented and the

ratio is calculated to be equal to 0.69. This may be attributed

to the ‘‘synchronization’’ that exists between waveforms of

the same mixture, originating from the wave propagation

features typical of each class.

Generally, in waveforms of specimens of the same w/c

ratio, positive and negative peaks rise and fall, respectively,

at the same time, resulting in positive values when mul-

tiplied. This fact could suggest a difference also in the

Fourier transforms of the signals. However, difference was

Fig. 9. Waveform counts for the age of 2 days and waveform energy of

7 days versus w/c ratio.

Fig. 8. Correlation of compressive strength and signal energy of w/c = 0.45

and w/c = 0.425 specimens.
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not clearly observed in frequency domain, possibly due to

the resonant behavior of the sensors.

The ratio of positive to negative area of the waveforms

product, henceforth denoted as Rpn, was used as a classifica-

tion rule of concrete specimens according to their water

content. The multiplication of an individual waveform from

a specimen of unknown composition with waveforms typical

of each class and comparison of the Rpn ratios was proved a

useful tool in classification of concrete AU signals.

The typical waveform for each class is calculated as the

average of the waveforms originating from the same w/c

ratio. So it contains information from 12 to 16 individual

waveforms. For example, the typical waveform (signature)

of the 0.375 class is the mathematical average of the 13

waveforms acquired from specimens with w/c = 0.375,

while the typical waveform of the class 0.40 is the average

of the 12 waveforms originating from specimens with

w/c = 0.40, etc.

Fig. 11. Waveforms from two different specimens of w/c = 0.375 concrete at the age of 2 days.

Fig. 10. Longitudinal wave velocity of (a) 2 days concrete and (b) of 1 day mortar.
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For a given age, e.g., 2 days, when a specific ‘‘unknown’’

waveform is presented, it is multiplied with all the typical

waveforms concerning this age, i.e., the signatures of classes

0.375, 0.40, 0.425 and 0.45, and the values of Rpn are

calculated. Rpn usually obtains values higher than 10, even

100, for waveforms of the same composition. On the

contrary, for waveforms of different w/c ratio, it occasionally

falls below unity. The waveform is classified to the class,

with the signature of whom it exhibits the highest Rpn value.

If this class is of the same w/c ratio with the specimen that the

waveform originates from, this is considered a successful

classification. This procedure is followed for the classifica-

Fig. 12. Multiplication product of the waveforms of Fig. 11.

Fig. 13. Multiplication product of waveforms of w/c = 0.45 and w/c = 0.40 at the age of 2 days.
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tion of all specimens of a certain age. The percentage of

success for this age is defined as the ratio of successfully

classified specimens to the total number of 53. After apply-

ing the Rpn scheme to all ages that AU measurements have

been conducted, it was concluded that the success of this

classification procedure is constantly held above 90%, with

an average classification success of 92%, except for the age

of 28 days (see Table 1). The best results are obtained at the

age of 7 days, with the success percentage being as high as

96.2% (51 correct classifications out of 53 waveforms),

while for the first week the success is almost 95%.

It should be mentioned that from the total 15,360 points of

each waveform, only the first 3500 are considered important

(1.75 ms) as in later times the signal is severely attenuated

(see Figs. 4 and 5) and it is useless at all data points to be

considered for the analysis. However, for some indicative

cases, Rpn values were calculated also using the total number

of points. The resulting Rpn values were not affected even on

the third decimal digit.

3.3.2. Classification through the correlation coefficient

The efficiency of the Rpn scheme is attributed as stated

above to the so-called synchronization of waveforms origin-

ating from similar material. It is known, however, that such

similarities between two time functions, X(t) and Y(t),

generally result in high correlation coefficients between the

functions at hand. The correlation coefficient �xy, being

defined as:

�xy ¼
sxy
sxsy

� 1 � �xy � 1 ð1Þ

where sxy stands for the covariance of X(t) and Y(t) and sx, sy
the standard deviation of X(t) and Y(t), respectively, can also

be used to quantify the synchronization between different

waveforms. As seen in Fig. 14, stronger correlation is

exhibited between points of waveforms of the same origin

(�xy=.793 in this case), while no essential relationship is

observed concerning the points of different w/c waveforms

(�xy=.048).
Therefore, calculating the �xy of any random waveform

with the signatures of each class, the waveform is classified

to the category with the signature of whom it exhibits the

higher �xy. The procedure is therefore simple, similar to the

one described above, and leads to slightly improved percen-

tages (see Table 1).

3.3.3. Use of coherence function

The classification approaches described so far are based

on time domain characteristics of the signal. In order to take

advantage of characteristics based on domains other than

Table 1

Percentage (%) of successful classification per methodology according to

age of concrete

Age Rpn �xy gxy
2

2 92.5 94.3 98.1

4 94.3 94.3 96.2

7 96.2 96.2 94.3

14 90.6 94.3 92.4

28 84.9 86.7 96.2

60 90.6 94.3 96.2

90 92.5 92.5 100

Fig. 14. Correlation plots between points of a 2-day specimen waveform of w/c = 0.375 and (a) the average waveform of w/c = 0.375 and (b) the average

waveform of w/c = 0.425.
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time, frequency characteristics should be examined. A sim-

ilar approach was followed in Ref. [30], where the coherence

function was used to quantify the similarity of AE signals

emitted by identical fracture mechanisms in pull-out tests of

concrete cubes. Coherence function is analogous to the

squared correlation coefficient of time domain series under-

lying the frequency similarities of the signals and is given by

Ref. [31]:

g2xyð f Þ ¼
jGxyð f Þj2

Gxxð f ÞGyyð f Þ
0 � g2xyð f Þ � 1 ð2Þ

Gxy( f) is the cross-spectral density function between X(t) and

Y(t) and Gxx( f), Gyy( f) are the autospectral density functions

of X(t) and Y(t), respectively, and is considered generally to

be a more powerful tool than the correlation coefficient

function in many applications [31].

It was observed that the mean value of the coherence

function acquires higher values when X(t) and Y(t) belong

to specimens of the same composition, as typically

shown in Fig. 15 where the coherence functions between

a w/c = 0.375 waveform and the signatures of classes

0.375 and 0.40 are depicted. The coherence function

between the 0.375 waveform and the typical of its own

class (g1
2) obtains higher values throughout almost all

frequency bands than the typical of 0.40 (g2
2), resulting in

a higher mean coherence (0.407 and 0.274, respectively).

Therefore, the mean value of the coherence function,

calculated using MATLAB standard routines in this work,

can be used also as a powerful classification rule, classifying

a waveform to the class with the signature of whom it

exhibits the highest mean coherence. Further, the mean co-

herence value was proved the most powerful tool examined

in this work as to w/c ratio determination of hardened con-

crete as can be seen in Table 1, with success up to 100% (for

90 days concrete), while the success percentage for speci-

mens up to 7 days lies above 96%.

Manufacturing fluctuations between different experi-

mental phases, held in years 2000 and 2001, resulted in

somewhat different 28-day compressive strengths (up to 6

MPa, about 12%) for the same compositions and even

greater discrepancies in values of AU characteristics.

Although this makes classical AU approach even harder

than described in preceding paragraphs to be effective in

classification, the tools described above proved insensitive

to these fluctuations.

Thus, assuming that other important parameters of con-

crete mix design are held constant, e.g., the aggregate-to-

cement ratio, type and grading of aggregates, the w/c ratio

can be reliably estimated despite other manufacturing fluc-

tuations.

It is clear that the use of the above methodologies is

promising, although the population of specimens considered

is quite low for establishment of engineering procedures for

w/c ratio determination. However, these are the most effi-

cient ways to characterize water content of concrete speci-

mens involved in this experimental series. What is empha-

sized here is the procedure through which testing a small,

albeit adequate, number of specimens with known composi-

tion will serve as a guide for concrete water content

characterization. It is believed that the proposed methodo-

logies could be a useful tool in concrete quality estimation,

assuming the database population increases both in number

of specimens and all applicable w/c categories.

Fig. 15. Coherence functions g1
2(f), g2

2(f) between a waveform of w/c = 0.375 and the signatures of 0.375 and 0.40 classes.
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4. Fresh paste

4.1. Experimental procedure

The AU setup for testing of fresh cement paste is in

essence the same as the one described for the testing of

hardened concrete, i.e., the same input pulse and piezo-

electric sensors are used. The sampling rate though was set

equal to 10 MHz since, in a preliminary investigation phase,

broadband sensors were used which, however, for the spe-

cific propagation path and the heavily attenuative paste were

not proven to be sensitive enough. In addition, a polyamide

transparent jig with a cylindrical cavity is employed to

constrain the liquid paste during the test (see Fig. 16). The

cavity is filled with cement paste and the sensors are placed at

the two ends being in direct contact with the paste. A simple

pressuring device and two rubber o-rings ensure no liquid

loss, while minimizing energy leak through the mass of the

polyamide device. This is confirmed as when empty of paste,

the arrival time of signals recorded from the cylindrical pot

corresponds to the speed of sound in air.

The mixes consist of high-strength Portland cement and

water, with five different w/c ratios from 0.45 to 0.65 with

0.05 w/c step between successive classes. The ingredients of

Fig. 16. Polyamide jig for fresh mortar testing.
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any specimen are weighted separately with an accuracy of

0.1 mg, mixed and stirred for approximately 45 s. After the

formed paste is poured into the polyamide pot, it is shaken for

a period of about 1 min, resulting in the appearance of air

bubbles on the upper part of the transparent pot and the

initiation of the test is immediate. Each w/c class is formed of

10 specimens, while the results presented herein are based on

waveforms obtained 3.5 min after the mixing of the ingre-

dients.

4.2. Results and discussion

The wave propagation parameters measured are the same

as in the case of hardened concrete, although different

tendencies are revealed. Typical waveforms of specimens

with different w/c ratios are presented in Fig. 17. A change in

energy is generally observed for different water content as

seen in Fig. 18 where also a slight increase in longitudinal

wave velocity is observed for higher w/c ratios.

This seems contradictive to the results of hardened con-

crete. However, wave propagation in hardened concrete takes

place primarily through the solid products formed after the

hydration reaction between cement powder and water. On the

other hand, in fresh paste of 3.5 min, gel has not yet been

formed in sufficient quantities to allow wave propagation

through itself. Thus, elastic waves propagate through the

water present in the suspension and it seems that the higher

the water content, the higher the wave energy transmitted

through it. The experimental variance though is even higher

than in hardened concrete AU tests, as revealed from the error

bars shown in Fig. 18, corresponding to max and min values.

These findings, due to large scatter, seem even less

promising than hardened concrete data, for a typical AU

recognition approach to be undertaken. The schemes intro-

duced earlier though, for w/c ratio determination of hardened

concrete, and especially the mean value of the coherence

function, provide easy and relatively reliable results for fresh

paste as well resulting in 80% of correct classification.

Fig. 17. Waveforms of fresh paste specimens with (a) w/c = 0.45, (b) w/c = 0.55, (c) w/c = 0.60, (d) w/c = 0.65.

Fig. 18. Waveform energy and longitudinal wave velocity versus w/c ratio

for fresh paste.
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4.3. Classification of fresh paste specimens

The classification approach remains the same as in

hardened concrete. The characteristic waveforms (signa-

tures) for the five different categories are calculated from

the entire population of waveforms of each class. For any

‘‘unknown’’ waveform, the same procedures are applied like

in the case of hardened concrete and the values of Rpn, �xy,
and gxy

2 are determined.

The classification success of these procedures is quite

encouraging, although not close to the success achieved for

hardened concrete waveforms. The classification success for

all w/c classes and methodologies is presented in Table 2. It

is observed that the coherence function yields the highest

percentage of correct classification, as is also the case for

hardened concrete, being apparently more sensitive to wave

propagation parameters typical of each w/c category. It can

be seen that waveforms originated from the w/c = 0.45

category are more successfully classified, in contrast to

the classes of w/c 0.60 and 0.65, where the success is below

80% independently of the characteristic used for classifica-

tion. Nevertheless, the average percentage of success by the

mean value of the coherence function is 80%, implying that

increase of the experimental data should be sought in order

to improve accuracy.

Indeed, the database is being currently enriched both in

population, in order to yield statistically more reliable

results, and in w/c classes to test the discriminative power

of these descriptors, while efforts towards reducing variance

of AU characteristics through modifications of the testing

device are under consideration. Next step in this research

project is the testing of fresh mortar and the establishment of

a reliable testing and evaluation procedure for accurate

determination of w/c ratio.

5. Conclusions

In the present work, results of AU measurements on har-

dened concrete and fresh paste are presented. The research

concentrated on the w/c ratio influence on the propagating

wave of materials with a/c ratio and type of aggregates being

constant.

As was demonstrated, elastic wave propagation character-

istics in concrete specimens are strongly correlated with the

compressive strength and are influenced by age and water

content. This was exploited by formulating a simple cross-

correlation technique along with using the correlation coef-

ficient and coherence function of different waveforms, as

classification rules in determining w/c ratio of concrete.

Considering the number of the specimens tested adequate,

the proposed descriptors were proven valid criteria for the

classification of specimens in the right w/c class. The success

so far is high and it is believed that higher volume of

experimental data, including more initial classes of w/c and

more specimens for each class, will result in higher percent-

age of accuracy showing more clearly also which of the

above classifiers is more powerful as to water content

determination.

Extremely interesting and a field of current research en-

gagement for the authors, is the application of such a

technique on waveforms collected from fresh mortar and

concrete, a few minutes after mixing, as the quality evalu-

ation at such an early age is of even greater significance for

in situ work, while preliminary results from tests of fresh

paste seem promising.
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