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Abstract

The present standard test for the setting times of concrete is the penetration resistance test specified by ASTM C403. This test, while

good for standard concrete mixtures, may not be appropriate for high-performance concrete (HPC) because of the high viscosity of the

mortar. To address this issue, the ultrasonic pulse velocities (UPV) were measured using an ultrasonic monitoring system during the first 24

h of age for mortar and concrete specimens having various water-to-cementitious materials (w/cm) ratios and with and without fly ash (FA).

Various characteristics observed from the measured UPV agreed with the previous theory of cement hydration, which describes the mixture

as viscous suspension transforming into saturated porous solid phase. It was also found that the development of UPV in concretes,

particularly without FA, was faster than that of mortars with the same w/cm. The values of concrete UPV corresponding to the initial and

final setting (ASTM C403) did not show a trend consistent with those of mortar UPV. Two alternative criteria were applied to determine the

setting characteristics from the UPV evolution curves. They were found to better represent the microstructural changes than the penetration

method, as suggested by the consistent trend with decreasing w/cm among various mortars and concretes. Thus, the potential use of these

alternative methods is suggested by specifying, at each w/cm, general target UPVs that are valid for both mortar and concrete with or

without FA. It was concluded that the methods and monitoring device used in this research were useful for the in-situ monitoring of the

setting of concrete, particularly in HPC.
D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Accurate field measurements of early-age properties of

concrete, such as the setting time and strength, are crucial to

operations scheduling and in-situ quality control of con-

crete. Recently, the use of high-performance concrete (HPC)

has increased dramatically; however, few studies have been

conducted on the early-age properties of HPC. Because of

the low water-to-cementitious materials (w/cm) ratio and the

use of various chemical and mineral admixtures, these

properties may be quite different from those of ordinary

concrete and more detailed study is called for.
0008-8846/$ – see front matter D 2004 Elsevier Ltd. All rights reserved.
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According to ASTM C403 [1], the initial and final

setting of concrete are determined when the penetration

resistance of a sieved mortar sample reaches 3.5 and 27.6

MPa, respectively. These values of penetration resistance

correspond to two particular practical points, loosely de-

fined as the limit of handling and the beginning of

mechanical strength development, respectively; therefore,

these resistance values, fixed regardless of the concrete

composition, cannot be associated with the characteristic

physicochemical and microstructural changes of concrete

[2]. One disadvantage of the penetration resistance method

is that its accuracy depends largely on the skill and

experience of the person performing the test. Moreover,

the method may not even be applicable to HPC because a

sieved mortar sample can hardly be obtained because of its

high viscosity.



Table 1

Physical properties and chemical compositions of cement and FA

Materials Physical

properties

Chemical

compositions (%)

Specific

gravity

Blaine

(cm2/g)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 LOI

Cement 3.15 3450 20.68 5.16 3.02 62.42 4.71 2.42 1.36

FA 2.27 3375 56.69 21.17 6.01 6.68 1.41 0.11 3.44
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Pessiki and Carino [3] used the impact-echo method to

compare the measured wave velocity with the measured

penetration resistance. They defined the setting of concrete

as when the wave velocity begins to increase or when a

specified wave velocity is reached. This method, however,

may not be practical for early-age concrete because concrete

is in the form of viscous suspension at its very early age and

thus may be hard to ‘‘impact’’ on.

An alternative method for determining the setting behav-

ior of concrete is the use of ultrasonic waves. Keating et al.

[4,5] observed that the velocity of longitudinal ultrasonic

wave in cement slurries exhibited three regimes as time

elapses after mixing: an initially constant regime, a rapidly

increasing regime and a much slowly increasing or almost

constant regime. Similar patterns of evolution of longitudi-

nal ultrasonic pulse velocity (UPV) in mortars and concretes

have been observed by many other researchers [6–14].

Most of them compared the evolution of the longitudinal

wave velocity with that of other parameters and concluded

that the changes in the longitudinal wave velocity are related

to the hydration of cement. For example, Chotard et al. [8]

and Smith et al. [9] found that the longitudinal wave

velocity is sensitive to the massive formation of hydrates

and that the duration of its sharp increase corresponds to the

cement stiffening process. It is also noteworthy that the air

content in the mortar was observed by researchers [4,5,12]

to have drastic effects on reducing the velocity of longitu-

dinal ultrasonic waves because it causes severe attenuation

due to wave scattering.

Sayers and Grenfell [12] compared their experimental

results of longitudinal and shear wave velocities with the

theory developed by Biot [15] and concluded that during the

hydration of cement the solid phase becomes highly

connected (an example of percolation transition) and the

material transforms from a viscous suspension of irregularly

shaped cement particles into a porous elastic solid with

nonvanishing elastic moduli. The work by D’Angelo et al.

[13] about hydrating cement slurries led to the conclusion

that the onset of shear wave propagation is a clear indicator

of the percolation transition, which may not so clearly be

identified from the longitudinal wave behavior. Boumiz et

al. [14] conducted ultrasonic, calorimetric and conducto-

metric studies on early-age cement pastes and mortars and

concluded that the percolation of the solid phase causes

dramatic changes in the ultrasonic wave behavior. Recently,

the shear wave reflection coefficient at the interface between

the specimen and the container has been studied [16–18].

This method is particularly useful for in situ cases where

only one side of the test specimen is accessible.

Although it has been mentioned in other works [9,12,13,

16,18], the ‘‘percolation’’ of solid phases in hydrating

cements has been understood more thoroughly via simula-

tion studies using a three-dimensional model [19–21]. The

term percolation here is defined to be the establishment of a

path solely of a phase from one end of the specimen to the

other end. These researchers, as many others cited above,
described the hydrating cement or mortar as viscous sus-

pension changing to water-saturated porous solid.

Several suggestions have been made for the identification

of characteristic points of cement hydration from the evo-

lution of parameters related to ultrasonic waves [5,7–

9,16,21]. For instance, Kakuta and Kojima [6] defined the

setting time as the instant when the increasing rate of

dynamic shear modulus reaches its maximum. Chotard et

al. [8], Smith et al. [9] and Garnier et al. [10] expected the

two kinks, typically observed from the evolution curve of

longitudinal wave velocity, to be related to the characteristic

points of the setting process. Rapoport et al. [16] considered

two bends (labeled AS and BS) in the shear reflection

coefficient curve and supposed them to be related to the

percolation of cement grains and the depercolation of the

water phase, respectively. Furthermore, Bentz et al. [20]

defined the set point rigorously as the point of solids

percolation.

In spite of the great number of related previous studies

including those mentioned above, pertinent experimental

studies for HPC are scarce. In the present work, HPC

specimens having various low w/cm (with or without fly

ash [FA]) were prepared and their longitudinal UPV were

measured as a function of the age using a monitoring system

devised by Reinhardt et al. [11]. The evolution of character-

istics of ultrasonic waves propagating through a setting

mortar is examined. The development profiles of the UPVs

of various specimens are closely investigated to study the

effects of coarse aggregates, FA and w/cm. In addition, the

UPVs corresponding to three setting criteria, including those

based on the penetration resistance, for various specimens

are obtained, and their tendency is studied and explained.
2. Experimental setup

2.1. Materials and mix proportions

Type I Portland cement and low-calcium FA produced in

coal-fueled electric power stations in Korea were used as the

cementitious materials. Their physical properties and chem-

ical compositions are given in Table 1. The fine and coarse

aggregates used were washed river sand with specific

gravity of 2.51 and water absorption of 1.52% and crushed

granite with specific gravity of 2.64 and fineness modulus

of 6.88, respectively.



Table 2

Mix proportions of concrete per cubic meter

Mix no. Water

(kg)

Cement

(kg)

FA

(kg)

Fine

aggregate

(kg)

Coarse

aggregate

(kg)

AEWR

(cm�wt.%)

HRWR

(cm�wt.%)

w/cm

1 185 370 – 754 969 0.5 – 0.50

2 158 450 – 672 1061 – 1.5 0.35

3 155 500 – 626 1074 – 2.0 0.31

4 148 550 – 617 1060 – 2.4 0.27

5 185 296 74 744 956 0.5 – 0.50

6 158 360 90 661 1043 – 1.5 0.35

7 155 400 100 614 1054 – 2.0 0.31

8 148 440 110 605 1038 – 2.4 0.27

w/cm (cement + FA) ratio.

Mixes 1–4 =OPC series, Mixes 5–8 = FA series.
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Table 2 shows the mix proportions of the eight concretes

used in the experiments. The w/cm ranged from 0.27 to

0.50. Mixes 1–4 did not contain FA and were designated as

the ordinary Portland cement (OPC) concrete series, where-

as Mixes 5–8 contained FA of 20% weight of cementitious

materials and were designated as the FA concrete series. The

maximum size of coarse aggregate was 25 mm for normal-

strength concrete (NSC) mixes (Mixes 1 and 5) and 20 mm

for HPC mixes (Mixes 2–4 and 6–8). Mortar mixtures with

the same w/cm and the same FA content as these concrete

mixtures were also prepared for the penetration resistance

tests.

Air-entraining water reducer (AEWR), as much as 0.5%

weight of cementitious materials, was incorporated into

NSC mixes, and a naphthalene sulfonate-based high-range

water reducer (HRWR) was used to ensure the workability

for the HPC mixes. To simulate actual applications in the

field, concrete mixes having adequate workability were

used.
Fig. 1. Schematic diagram o
2.2. Test equipment and procedure

An UPV monitoring system, which can measure the

UPV at any desired intervals after casting, was constructed

by following Reinhardt et al. [11]. As schematically shown

in Fig. 1, the monitoring system consisted of two 40-mm-

thick acrylic plates, a foam rubber container, a commercial

UPV measurement device and two ultrasonic transducers

with a center frequency of 54 kHz. Because the transducers

were of longitudinal wave type, the UPV device measured

the longitudinal wave velocity. Four bolts, shown in Fig. 1a

and c, were fastened sufficiently to assure good contact

between the specimen and the acrylic plates. Each acrylic

plate had, at its midheight (see Fig. 1b), a circular hole of 51

mm diameter and 35 mm depth. A 50-mm-diameter trans-

ducer was fitted into the hole and pushed all the way to the

bottom, with sufficient amount of couplant on its face. Fresh

mortar or concrete was then poured in the container and

compacted.
f monitoring system.



Table 4

Mechanical properties of concrete

Mix Compressive strength (MPa) Modulus of elasticity (GPa)

no.
1 day 3 days 7 days 28 days 1 day 3 days 7 days 28 days

1 9.6 20.3 25.3 31.1 14.0 21.0 24.9 26.9

2 21.8 37.7 43.0 47.1 22.1 29.4 31.2 32.9

3 25.0 42.8 49.4 55.5 24.9 30.1 33.2 34.3

4 30.3 48.1 58.2 66.2 25.2 32.5 35.7 36.2

5 6.1 16.1 20.7 29.3 12.3 18.0 19.5 26.7

6 14.0 29.3 37.4 45.9 16.6 25.9 28.4 32.4

7 14.2 35.0 40.7 52.6 18.1 27.3 29.0 33.6

8 13.4 38.9 45.6 62.4 16.4 28.5 32.4 34.5
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The UPV measurement started immediately after casting

and continued for 24 h; yet, the results were recorded only at

30-min intervals because these intervals turned out to be

sufficient to capture all important trends of the UPV

development. The UPV (Vp) was calculated as follows:

Vp ¼ L=tp ð1Þ

where L is the length of the straight wave path through the

specimen (i.e., 145 mm in this study) and tp is the travel

time of the ultrasonic pulse through L, excluding the travel

time through the short acrylic paths in front of the trans-

ducer faces. Because the actual wave path may well be

much longer than L at such early ages, the wave velocity

computed by Eq. (1) should be regarded as the ‘‘average’’ or

‘‘apparent’’ wave velocity initially through the viscous

suspension and then through the water-saturated porous

solid medium. It is important to mention that no significant

waves propagating through the foam rubber container wall

were detected by the device because of high dissipation of

the foam rubber.

To investigate the repeatability of measurement, tp was

measured thrice at each of several initial instants. The

repeatedly measured tp values were almost identical (i.e.,

they were within the resolution of time measurement, 0.2

As). Therefore, only one measurement of tp was taken at all

other instants, and UPV was calculated using Eq. (1). Based

on the resolution of time measurement, the accuracy of

calculated UPV using Eq. (1) is to within 3 m/s.
3. Results and discussion

3.1. Properties of fresh and hardened concretes

Table 3 lists the values of slump and flow during the first

hour after mixing and the initial air content of all fresh

concrete mixtures. All mixtures exhibited high workability

with respect to the slump and flow up to 1 h without

noticeable segregation. Initial slumps of the NSC mixtures

measured 190 mm while those of the HPC mixtures were
Table 3

Properties of fresh concrete and setting times

Mix

no.

Slump

(cm)

Flow

(cm)

Air

content

(%)

Initial 30 min 60 min Initial 30 min 60 min Initial

1 19.0 18.0 15.0 41� 40 36� 35 30� 31 5.0

2 21.0 18.5 16.0 45� 45 37� 36 30� 32 4.8

3 22.5 22.0 21.0 55� 53 47� 46 41� 43 2.4

4 23.0 22.5 22.0 54� 55 53� 54 50� 49 2.0

5 19.0 17.0 15.5 42� 40 37� 38 31� 32 4.7

6 23.5 22.0 20.5 56� 58 50� 50 39� 40 3.3

7 24.5 24.0 23.5 58� 63 57� 56 55� 55 2.1

8 24.0 24.0 23.5 63� 62 60� 61 59� 58 1.6
230F 20 mm. Because these high-performance mixtures

exhibit low slump losses, they would be appropriate for use

at actual construction sites. Table 3 also shows that the

initial air content ranged from 1.6% to 5.0% as measured in

accordance with ASTM C231.

Table 4 shows the compressive strength and modulus of

elasticity for the eight concretes at 1, 3, 7 and 28 days as

measured in accordance with ASTM C39 and C469, re-

spectively. The compressive strength at 28 days ranged from

29.3 to 66.2 MPa, and the corresponding modulus of

elasticity ranged from 26.7 to 36.2 GPa. In general, each

of FA concretes exhibited lower strength and lower modulus

of elasticity than the corresponding OPC concretes with the

same w/cm at a given age.

3.2. Measurement of UPV and waveform analysis

Fig. 2 shows typical ultrasonic waveforms for mortar

with w/cm = 0.50 obtained at three different ages by record-

ing the voltage signal at the receiving transducer using an

oscilloscope. Use of an oscilloscope was necessary to

observe these waveforms because the commercial UPV

measurement device only provided numerical values of

UPV or the transit time of ultrasonic pulse. The downward

arrow in each plot indicates the instant when the input pulse

was transmitted. The upward arrow indicates the instant

when the ultrasonic wave was considered to have reached

the receiving transducer. The time duration between these

two arrows is given as Dt in the inset of each plot. By

subtracting the transit time of the ultrasonic pulse through

the short acrylic paths from Dt, tp in Eq. (1) was obtained,

and the UPV was calculated from Eq. (1).

Comparison of Fig. 2a–c demonstrates that the transit

time of the ultrasonic pulse decreased with age, meaning a

steady increase of UPV with age. Note in Fig. 2 that the

dominant frequency component in the waveform varies with

age. The power spectra of these waveforms were obtained

by conducting a fast Fourier transform (FFT) analysis and

are shown in Fig. 3. Fig. 3a–c, respectively, indicate that the

dominant frequency was close to the center frequency (e.g.,

53 kHz) of the transducers at very early ages up to 8 h, then

shifted to much lower values (e.g., 2–10 kHz) at interme-

diate ages between 8 and 12 h and finally returned to the



Fig. 2. Ultrasonic waveforms obtained using oscilloscope for mortar with

w/cm= 0.50.

Fig. 3. Evolution of frequency spectra of waveforms in Fig. 2: (a) 5, (b) 10

and (c) 21 h.
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vicinity of the transducers’ center frequency (e.g., 55 kHz)

after 12 h of age.

This interesting frequency-domain phenomenon may be

explained as follows. At very early ages (Figs. 2a and 3a),

the specimen may be considered as viscous suspension

through which no frequency component of ultrasonic wave

easily propagates (note the very small ordinate magnitudes

of Figs. 2a and 3a). This situation corresponds to the very

early age when only longitudinal waves, no shear waves,

can propagate [12,13]. In this situation, the transducers’

center frequency component appears relatively dominant

among all suppressed frequency components. As the hydra-

tion process continues (Figs. 2b and 3b), the specimen

changes from viscous suspension into water-saturated po-

rous solid with nonvanishing elastic moduli [19–21]. Thus,

low-frequency components now begin to propagate with

increased ease through the gradually forming porous solid

path before the high-frequency components do, as may be
observed in Fig. 3b. This is in agreement with previous

studies [13,18,20]. Note also that the ordinate magnitudes of

Figs. 2b and 3b are much greater than those of Figs. 2a and

3a, respectively, which means much more significant wave

transmission through the specimen. As the hydration con-

tinues further (Figs. 2c and 3c), the porous solid structure

becomes more established, allowing for even easier trans-

mission of all frequency components, resulting in even

greater ordinate magnitudes. Then, the transducers’ frequen-

cy components appear relatively dominant again, among all

the frequency components now activated (see Fig. 3c).

3.3. Evolution of UPV

Fig. 4 shows the evolution of the UPV during the first

24 h for all mortars (hollow marks in the figures) and

concretes (solid marks). In the figure, the vertical solid and

dashed lines indicate the initial and final setting times of

mortars as found using the penetration resistance test

method, respectively.

It can clearly be seen from Fig. 4 that the UPV of

concrete was at very early ages similar to that of mortar

with the same w/cm but developed relatively earlier and

became relatively greater afterwards. Further discussion in

this regard will be given in Section 3.4. The same trend may

also be observed with the OPC mortar series as compared

with the corresponding FA mortar series with same w/cm.

Furthermore, it may be noted from Fig. 4 that the initial

and final setting times of high-performance mortars are

longer than those of the normal-strength mortar in the same

series of OPC or FA. This setting retardation of high-

performance mortars is thought to result from the use of



Fig. 4. Evolution of UPV of mortar and concrete specimens with various w/cm.
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HRWR having retardation effect and may thus depend on

the type and dosage of HRWR used.

3.4. Discussions on evolution of UPV

All UPV curves in Fig. 4 are similar to the curve in Fig.

5 as observed by other researchers [4–14]. Fig. 5 divides

the UPV evolution behavior into three steps, Steps 1–3

[8,9,14]. During Step 1, hydrates begin to form after the

dormant induction period. In Step 1, ultrasonic waves

propagate through the water-like viscous suspension. As
the hydration continues, the increased tortuosity of the pore

or air-filled space due to the formation of hydration

products often causes slightly decreasing UPV in Step 1

[4,5,12,14]. When the minimum quantity of hydration

products required for a sharp climb of UPV is achieved,

Step 2 begins. According to Boumiz et al. [14], more and

more cement grains continue to become connected in Step

2, and the percolation of solid phase seems to occur in the

early part of Step 2, after which shear waves can propagate

[13,20]. In Step 2, the water-saturated porous solid struc-

ture becomes more and more connected as newly formed



Fig. 5. Schematic representation of typical evolution of UPV.
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hydration products fill in the pores; thus, the UPV increa-

ses. As the volume of pores is decreased by filling of

hydration products, the UPV levels off and approaches its

asymptotic value in the solid structure.

As briefly mentioned in Section 3.3, an analysis of Fig. 4

reveals that the UPVs of all concrete mixtures at very early

ages are about equal to but at later ages are much greater

than those of the corresponding mortar mixtures having the

same w/cm. These close UPV values of concrete and mortar

at very early ages may be explained by the above descrip-

tion of Step 1 in Fig. 5: ultrasonic waves at these very early

ages propagate mainly through the common water-like

viscous phase, thus unaffected by the presence of coarse

aggregates. The very low initial UPVs in the 300–500 m/s

range may be explained either by the highly elongated

length of wave path because of the suspended cement grains

in fresh mortar [16] or by the effects of the entrapped air

[4,5,12]. Another possible explanation is the incomplete

mixing of specimen having low w/cm, resulting in insuffi-

cient coupling of cement particles with water [18]. At later

ages (Steps 2 and 3), however, the UPVof concrete becomes

greater than that of corresponding mortar. This may be

because ultrasonic waves in these steps propagate mainly

through the solid phase structure and because the coarse

aggregates exclusively contained in the concrete specimens

have higher stiffness than the constituents of mortars.

Note also in Fig. 4 that the UPVs of OPC concrete and

mortar mixtures are at very early ages similar to but are at

later ages greater than those of the corresponding FA

mixtures with the same w/cm. This very early-age behavior

may again be accounted for by waves propagating through

the common phase of viscous suspension. The later-age

behavior is because replacing cement by FA retards the

hydration reaction as observed by the simulation of a three-

dimensional model [19]; thus, the setting retardation of FA

mortars may depend on the FA content.

Furthermore, comparisons of Fig. 4a–d reveal that the

UPV development profiles for high-performance mixtures

are different from those of normal-strength mixtures. Note

in Fig. 4a for normal-strength mixtures that the UPVs
remained essentially constant in Step 1 but abruptly in-

creased in Step 2. This, however, is not the case for high-

performance mixtures (see Fig. 4b–d), which exhibited

slow, gradual and prolonged development of UPV in Step

1 and smooth transition to Step 2. This trend of high-

performance mixtures has not been observed previously in

the literature; furthermore, it is rather contrary to the often

reported slight decrease of UPV in Step 1 [4,5,12,14]. The

cause of this early and prolonged increase of UPV with low

w/cm is not clear at this point, but a reasonable explanation

is that the cement particles in the low w/cm cases may begin

to become connected at relatively early ages because of the

relatively short distances between them, but massive hydra-

tion is delayed due to the HRWR. This delay of massive

hydration is more significant in FA series than in OPC series

(see Fig. 4), which is due to the presence of the FA in

addition to the HRWR effects.

3.5. Specification of characteristic UPV values

As mentioned in Section 1, researchers have suggested

several methods for identifying characteristic times in the

hydration of cements from ultrasonic measurements. Two of

them are relevant to the present work and are thus consid-

ered here. According to Chotard et al. [8] and Garnier et al.

[10], the transition points between adjacent steps in Fig. 5

may be expected to correspond to distinct microstructural

changes of the specimen. These transition points may be

determined as the intersections of three straight lines tangent

to the curve (e.g., Points A and B in Fig. 5). This method is

particularly useful for high-performance mixtures, where the

UPV curve does not show abrupt development at the

beginning of Step 2, unlike normal-strength mixtures, as

discussed in Section 3.4 concerning Fig. 4b–d. Point A may

be regarded as a criterion for the initial formation of the

porous solid phase, which will be called Criterion 2 in this

paper. (The initial and final setting times according to

ASTM C403 will be called Criteria 1I and 1F, respectively).

The second approach is associated with the increasing

rate of wave velocity. In the manner similar to Kakuta and

Kojima [6], another characteristic time in the setting process

may be designated as the instant when the increasing rate of

wave velocity reaches its maximum. At this particular

instant (in Step 2 of Fig. 5), the increase rate of effective

stiffness will reach its maximum, after which the formation

rate of the porous solid structure will decline. This point of

the maximum UPV development may be found from a

polynomial fitted to the UPV curve in Step 2, and this

criterion will be called Criterion 3 in this paper.

Figs. 6 and 7 show the UPV values for mortars and

concretes, respectively, that correspond to the characteristic

points in the UPV evolution according to the four different

criteria defined above. According to Criterion 1I, UPVs at

the initial setting of OPC mortars and concretes are slightly

lower than those of corresponding FA mortars and con-

cretes. This is due to the retarded setting of FA mixtures (see



Fig. 6. Variation of characteristic UPV for setting of mortar.

Fig. 7. Variation of characteristic UPV for setting of concrete.
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Fig. 4), which allowed the UPV of each FA mixture to

develop above that of the corresponding OPC. Furthermore,

it may be observed from Fig. 6 that the UPVs under

Criterion 1I slightly increases with decreasing w/cm in both

OPC and FA mortars. It is observed from Fig. 6 that the

UPV at the initial setting lied within a relatively narrow

range, 800–980 m/s for OPC mortars and 920–1070 m/s

for FA mortars. Although these UPV values themselves may

be considered as artifacts because of the variable effects

from the variable type and dosage of HRWR, the approx-

imate ranges of UPV given above for OPC and FA mortars

may still be of good practical value in the actual use of HPC

if UPV is to be used as a parameter equivalent to the

penetration resistance. Unlike mortars, the UPVof concretes

shows neither such monotonous increases with decreasing

w/cm nor such narrow ranges as may be seen from Fig. 7.

These different behaviors of mortars and concretes cannot

clearly be accounted for now, but they seem to support the

argument that Criterion 1I does not represent the inherent

changes occurring in the hydrating specimens.

Similar examination of UPVs according to Criterion 1F

reveals that the UPVs of mortar mixtures at the final setting

were within narrow ranges when compared with those of

concrete mixtures. As in Criterion 1I, UPVs of mortars

exhibited a monotonous trend with varying w/cm whereas

those of concretes did not (compare Figs. 6 and 7).
On the other hand, it may be observed from Figs. 6 and 7

that UPVs of both mortars and concretes (with or without

FA) in Criteria 2 and 3, in general, increased as the w/cm

decreased. This consistent tendency, unlike in the cases of

Criteria 1I and 1F, reinforces the claim that Criteria 2 and 3

better reflect the microstructural changes in the specimens.

In particular, the increase of UPV with decreasing w/cm in

Criterion 2 may be accounted for by the following graphical

interpretation. As the w/cm decreases, the initial slopes (i.e.,

those of Step 1 in Fig. 5) tend to increase as may be seen by

comparing Fig. 4a with Fig. 4b–d and thus yield higher

UPV in Criterion 2. Recall that this tendency of initial slope

increase with decreasing w/cm may be attributed to the

relatively short distances between cement particles, which is

an inherent characteristic of high-performance mixtures.

Therefore, the consistent tendency of increasing UPV with

decreasing w/cm in Criterion 2 may be considered to

represent an inherent characteristic of the cement setting

process.

Another important observation from Figs. 6 and 7 is that

the UPVs in Criterion 2 at each w/cm value do not vary

much among the four combinations: mortar and concrete

with and without FA. The graphical explanation for this is

that the ordinate of the intersection point A in Fig. 5 is not

much affected by a postponed Step 2 curve (as observed in

the FA series when compared with OPC series and in the



H.K. Lee et al. / Cement and Concrete Research 34 (2004) 631–640 639
mortars when compared with concretes in Fig. 4) as long as

the slope of Step 1 is fixed and is not great as in Fig. 4. This

point is of practical value because a target value of UPV in

Criterion 2 thus might be specified at a given w/cm as a

constant or within a very narrow range that is valid for both

concrete and mortar with or without FA.

Further, the UPV ranges for concrete in both Criteria 2

and 3, particularly the latter, are observed in Figs. 6 and 7 to

be smaller than the corresponding ranges for mortar. This

observation seems to imply that once the solid phase begins

to form, coarse aggregates have dominant effects on the

UPV development, resulting in relatively less effects on the

UPV of other factors such as w/cm.

For practical applications, setting times must be deter-

mined directly on the concrete mixture particularly because

mortar specimens for the penetration resistance test can

hardly be obtained from HPC. In this respect, the UPV

monitoring system used in this study is very effective.

Extensive in-depth studies, however, need to be conducted

to determine the setting criteria for concrete as well as

mortar as a function of w/cm.
4. Conclusions

The following conclusions may be drawn from this

study.

(1) An ultrasonic monitoring system has been used to

successfully measure the UPV of both mortar and

concrete beginning immediately after mixing. This

method demonstrated a great practical advantage to

the conventional method of penetration resistance

because it could be conducted directly on concrete

rather than on sieved mortar. This is particularly useful

for HPC from which mortar samples can hardly be

obtained because of its high viscosity.

(2) The UPV development curves of all specimens

resembled a curve that consists of three steps. At very

early ages in Step 1, the UPVs of all concrete and

mortar mixtures with the same w/cm were almost the

same regardless of the presence of coarse aggregates or

FA. This was explained based on the hypothesis that

ultrasonic waves propagate through the phase of

viscous suspension, which is initially common among

all specimens. The UPV profiles at later ages (Steps 2

and 3) differed from each other: UPVs of concrete

mixtures were greater than those of mortar mixtures and

those of OPC series were greater than those of FA

series. These features were respectively explained by

the higher stiffness of coarse aggregates and the

retarding effects of FA.

(3) The initial slope of the UPV evolution curve (i.e., the

slope of Step 1) was observed to increase with

decreasing w/cm in contrast to the zero slope for a

high w/cm case considered. This was explained by the
relatively shorter distances between cement particles in

cases of low w/cm and thus increased chances of their

being connected at earlier times.

(4) The UPVs corresponding to the initial and final setting,

identified through the method of penetration resistance,

were examined for various mortar mixtures. As a result,

certain ranges of UPV with reasonable widths were

suggested for the initial setting times: i.e., 800–980 and

920–1070 m/s for the initial setting of OPC and FA

mortar series, respectively. The UPVs corresponding to

the initial setting increased with decreasing w/cm in

mortar specimens but did not show a monotonous

tendency in concrete specimens. The same was true of

the UPVs corresponding to the final setting.

(5) Two alternative methods for characterizing the setting

process were considered that identify particular points

in the UPV development curves (i.e., the instant when

the UPV begins to develop and the instant when the

UPV development rate is maximum). These two

alternative methods seem to better reflect the micro-

structural changes of mortar mixtures than the method

of penetration resistance because of the consistent

tendency of increasing UPV with decreasing w/cm in

both mortars and concretes (with and without FA). It

was also found that the UPV at the beginning of its

development does not vary much among the four

combinations having the same w/cm value: mortar and

concrete with and without FA. This demonstrates that

further development of this method might provide a

generally valid target UPVor a narrow range of UPV to

designate the setting for each value of w/cm.
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