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Abstract The mechanical properties of concrete containing self-curing agents are investigated in

this paper. In this study, two materials were selected as self-curing agents with different amounts,

and the addition of silica fume was studied. The self-curing agents were, pre-soaked lightweight

aggregate (Leca); 0.0%, 10%, 15%, and 20% of volume of sand; or polyethylene-glycol (Ch.);

1%, 2%, and 3% by weight of cement. To carry out this study the cement content of 300, 400,

500 kg/m3, water/cement ratio of 0.5, 0.4, 0.3 and 0.0%, 15% silica fume of weight of cement as

an additive were used in concrete mixes. The mechanical properties were evaluated while the con-

crete specimens were subjected to air curing regime (in the laboratory environment with 25 �C, 65%
R.H.) during the experiment. The results show that, the use of self-curing agents in concrete effec-

tively improved the mechanical properties. The concrete used polyethylene-glycol as self-curing

agent, attained higher values of mechanical properties than concrete with saturated Leca. In all

cases, either 2% Ch. or 15% Leca was the optimum ratio compared with the other ratios. Higher

cement content and/or lower water/cement ratio lead(s) to more efficient performance of self-curing

agents in concrete. Incorporation of silica fume into self-curing concrete mixture enhanced all

mechanical properties, not only due to its pozzolanic reaction, but also due to its ability to retain

water inside concrete.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research

Center.
Introduction

In order to achieve the designated self-curing concrete proper-
ties, water evaporation at the surface should be avoided in
addition to supplying water from the exterior. If enough water

is at the disposal of the cement paste for hydration to proceed,
the concrete will achieve excellent properties. The traditional
ways of curing often fail in practice. Even when meticulously
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Table 1 Chemical composition and physical properties of

Portland cement and silica fume.

Chemical composition (%) Portland cement Silica fume

Loss on ignition 1.36 1.0

SiO2 19.49 95

AL2O3 7.36 0.4

Fe2O3 2.68 0.6

CaO 62.51 0.2

MgO 3.7 0.4

SO3 2.4 0.3

Specific weight (g/cm3) 3.12 2.2

Specific surface (cm2/g) 3000 150,000

Setting time (min)

Initial 130 –

Final 235 –

Compressive strength (kg/cm2)

3 days 170 –

7 days 260 –

Mineralogical components (%)

C3S 37.17 –

C2S 33.65 –

C3A 11.73 –

C4AF 8.15 –

Table 2 Characteristics of polyethylene-glycol.

Type Molecular

weight

Maximum solubility at

20 �C (mass fraction%)

Functional group

Hydroxyl Ether

Synthetic 200 100 Yes Yes
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performed only water evaporation can be reduced, but the
water supply on the surface of vertical structural elements is
still a technical problem. The time allocated for curing is a

stagnation of building time increasing costs and efforts. The
efficiency of modern technology such as climb and slip forming
is perturbed and the risk of damage caused by the improper

curing is still not eliminated. In the case of high strength con-
crete (HSC) used commonly for vertical structural elements the
problem is more difficult. Due to a very low water cement ratio

in combination with high cement content and the addition of
silica fume the concrete shows high compressive strength at
early age, which makes an early form stripping possible. The
high self-desiccation was the reason for using this concrete

for self-desiccation slabs [1]. The very dense structure of
high-performance concrete might lead to the assumption that
water evaporation is low and therefore water from the sur-

rounding can penetrate only very slowly and not in a sufficient
amount to reach the interior of the member. So, the effect of
curing can therefore be neglected. Saving the curing time

would positively influence the construction costs. On the other
hand when exposed to air, water evaporation was observed
resulting in a considerable reduction of the compressive

strength and micro cracks appear [2,3]. Many researches [4]
showed failure of the traditional curing methods for HSC.
Wet curing for a longer time even submersing in water did
not always positively influence the mechanical properties.

Hence, the opinions in the literature about curing high strength
concrete are contradictory. Self-curing or internal curing is a
technique that can be used to provide additional moisture in

concrete for more effective hydration of cement and reduced
self-desiccation. Currently, there are two major methods avail-
able for internal curing. The first method uses saturated light-

weight aggregate in order to supply an internal source of water
[5,6] and the second one uses polyethylene-glycol which
reduces water evaporation from the surface of concrete and

also helps in water retention [7,8].

Research significance

The principal aim of this paper is to evaluate the effects of dif-
ferent types and percentage of self-curing agents on the
mechanical properties of concrete (such as compressive, ten-
sile, flexural strength and modulus of elasticity). The self-cur-

ing agents employed in this paper were pre-soaked in water
lightweight aggregate (leca) and chemical agent of polyethyl-
ene-glycol (Ch.) with different ratios. Different cement con-

tents (300, 400, 500 kg/m3), different water–cement ratios
(0.5, 0.4, 0.3) and silica fume ratios (0.0%, 15%) were used
in concrete and cured in dry air (25 �C) during the experiment.

The results should help explain the effect of self-curing agents
on the mechanical properties of concrete. Also, the results pro-
vide more knowledge about the determination of self-curing
agent ratios and the best type to optimize the mechanical prop-

erties of concrete.

Experimental programme

Material and mix proportion

To carry out this study, an ordinary Portland cement (Chemi-
cal Composition and Physical Properties shown in Table 1) and
silica fume, which are widely available in Egypt, siliceous sand
as a fine aggregate (with fineness modulus of 2.79) and gravel as
a coarse aggregate of nominal maximum size (20 mm) from

Suez quarry were used. The silica fume used contains silica
(SiO2) of 95% and was in powder form (Table 1). The superp-
lasticizer used was of sulfated naphthalene formaldehyde con-

densate type. The superplasticizer dosage was adjusted to
produce concretes with the same slump of 120 ± 10 mm and
do not show visual signs of segregation during the normal cast-

ing of concrete in the moulds. Leca which is a brand name for
an expanded clay clinker burned in a rotary kiln at approxi-
mately 1200 �C was used as self-curing agent (Leca type). Leca
was oven-dried at 105 �C for 24 h, air cooled and then sub-

merged in water for 24 h before mixing while polyethylene-gly-
col of characteristics as produced by the manufacturer and
indicated in Table 2 was used as self-curing agent of chemical

type (Ch. type). Twelve concrete mixes were used in this study.
The main variables considered in this programme include, the
type and ratio of self-curing agent, cement content, water/

cementitious ratio. Mixes with the same w/c ratio, cement
and coarse aggregate content were used as references. The pro-
portions of concrete batches are tabulated in Table 3.

Experimental procedures

Mixing of concrete components was done using a horizontal
mixer. All the dry constituents were mixed for 2 min to ensure



Table 3 Composition of concretes (kg/m3).

Mix No. Cement Silica Fume Water Superplasticizer Self-curing agent Gravel (20 mm) Sand

Ch. Leca

M1 400 – 120 8 – – 1252 674

M2 400 – 120 8 – 26 1252 607

M3 400 – 120 8 – 39 1252 573

M4 400 – 120 8 – 52 1252 539

M5 400 – 116 8 4 – 1252 674

M6 400 – 112 8 8 – 1252 674

M7 400 – 108 8 12 – 1252 674

M8 400 – 192 2.4 8 – 1128 608

M9 400 – 152 4 8 – 1189 640

M10 300 – 84 12 6 – 1360 732

M11 500 – 140 5 10 – 1142 616

M12 400 60 129 4.6 9.2 – 1174 632

Fig. 1 Effect of saturated Leca % on compressive strength of

self-curing concrete (SCUC).

Fig. 2 Effect of polyethylene-glycol (Ch.) % on compressive

strength of self-curing concrete (SCUC).
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uniformity of the mix. Half of the mixing water was added
gradually during mixing and followed by the remaining water

with SP. However in the case of SCUC, self-curing agent such
as polyethylene-glycol or saturated light weight aggregate
(leca) was added gradually during mixing. Mixing of all ingre-
dients continued for a period of 2 min. The content of SP was

adjusted for each mix to achieve the required workability with-
out segregation. After mixing, two sizes of specimens were cast
using 100 · 100 · 100 mm cubic moulds and 100 · 100 ·
500 mm prismatic moulds. After the moulds had been filled
of concrete and compacted, the surface of concrete was lev-
elled, and they were kept in laboratory conditions for 24 h

while the surfaces of moulds were covered by plastic sheets.
And then, demoulded specimens were kept in dry air (25 �C)
during the experiment in a laboratory. Compressive and indi-

rect tensile strengths were carried out on cubic specimens while
flexural strength and modulus of elasticity were performed on
beam specimens (100 · 100 · 500 mm) which loaded at the
middle third with two equal concentrated loads in flexural test,

while with one concentrated load at mid-span in the modulus
of elasticity test. Compressive strengths were measured at 3, 7,
28 and 56 days while tensile, flexural strength and modulus of

elasticity were measured at 3, 7 and 28 days.

Results and discussions

Compressive strength

Figs. 1–5 show, the compressive strength of all the concretes
studied either self-curing or conventional concretes (reference
concrete), which increase gradually with time in different rates

under air curing. Compressive strength systematically increases
as self-curing agent (leca type) used in the concrete as shown in
Fig. 1, which may be attributed to the continuation of the
hydration process as a result of providing the cement paste

by store water in the saturated Leca particles, resulting in,
lower voids and pores, and greater bond force between the
cement paste and aggregate as stated by other researchers [9–

12]. At 28 days concrete with 10%, 15% and 20% leca give
higher compressive strength by about 10%, 17.5% and 15%,
respectively compared with conventional concrete to be an

indicator that 15% leca is the optimum ratio in this study
(Table 4).
It is well known that, the concept of polyethylene-glycol
(ch. type) is to reduce water evaporation from concrete, and

hence increase the water retention capacity of concrete com-
pared with conventional concrete which leads to improved
compressive strength [13–17]. The results in Fig. 2 illustrate a
significant increase in the compressive strength of concretes



Fig. 3 Effect of water cement ratio on compressive strength of

SCUC (concrete with 2% Ch.).

Fig. 4 Effect of cement content (C.C) on compressive strength of

SCUC (concrete with 2% Ch.).

Fig. 5 Effect of Silica fume ratio on compressive strength of

SCUC (concrete with 2%Ch.).
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containing ch. (SCUC) with time relative to conventional con-

crete during the experiment. After 28 days, concrete with 1%,
2% and 3% ch. exhibited strength increase by about 20%,
32.5% and 25%, respectively, compared with conventional

concrete, which indicates that 2% ch. is the optimum ratio [18].
For the concrete series having 2% ch. (SCUC) with differ-

ent water–cement ratios, it was obvious that reducing the
water–cement ratio significantly increases the compressive

strength and improves the performance of ch., which may be
attributed to the reduction in the greater number of random
voids that form as a result of free water evaporation particu-
larly at high w/c ratios. Reducing the water–cement ratio in
concrete from 0.5 to 0.4 and to 0.3 caused higher strength by

about 15.4% and 35.9%, respectively, after 28 days as shown
in Fig. 3.

Increasing the cement content in concrete enhanced the

compressive strength and the effect of ch. as shown in
(Fig. 4). After 28 days cement-contents (c.c) of 400, and
500 kg/m3 with 2% ch. resulted in strength increase by about

26.2% and 47.6%, respectively, relative to a cement content
of 300 kg/m3.

From Fig. 5, the incorporation of silica fume (15%) into
concrete mixtures with 2% ch. caused additional improvement

in strength (13.2%). This improvement in strength is not only
due to the ability of concrete to retain water which causes con-
tinuation of the cement hydration, but also due to the conver-

sion of calcium hydroxide which tends to form on the surface
of aggregate particles, into calcium silicate hydrate (C–S–H)
causing strengthening to the aggregate matrix transition zone

which becomes less porous and more compact [19–21].

Indirect tensile strength

The use of saturated leca with different ratios in concrete mixes
provide internal curing for the concrete by allowing a contin-
uous hydration, which leads to improvement of the tensile
strength of the concrete as shown in Fig. 6. The tensile strength

of concretes with saturated leca (SCUC) or without leca (con-
ventional concrete) increased with time, and at 28 days 15%
leca gave the highest increase in tensile strength (by about

7.4%) compared to conventional concrete.
Test results of concretes containing polyethylene-glycol

with different ratios and conventional concrete are shown in

Fig. 7. Results showed higher strength of concretes with ch.
relative to conventional concrete. After 28 days, the strength
of concretes with 1%, 2% and 3% ch. increased by about

7.4%, 14.8% and 10%, respectively, compared to reference
concrete (0.0% ch.).

For the results of the concrete series having 2% ch., reduc-
ing the water–cement ratio from 0.5 to 0.4 and 0.3 causes

increases in tensile strength by about 6.5% and 5.8%, respec-
tively, after 28 days as shown in Fig. 8.

A higher cement content in self-curing concrete (with 2%

ch.) improves the tensile strength at all ages. It is obvious from
the test results that, cement contents of 400 and 500 kg/m3

with 2% ch. caused a higher strength by about 10.7% and

27%, respectively, relative to a cement content of 300 kg/m3

after 28 days as shown in Fig. 9.
As shown in Fig. 10, the incorporation of silica fume (15%)

into concrete mixtures with 2% ch. causes higher strength of

concrete at early age (3 days) relative to concrete without silica
fume. Beyond that, the rate of increase in strength is approxi-
mately constant and the silica fume concrete exhibits a higher

strength by about 6.5% relative to concrete without silica fume
after 28 days.

Relation between indirect tensile and compressive strength

Based on the test results, the following experimental relation-
ship for predicting the tensile strength based on the compres-

sive strength value can be expressed as in Eqs. (1) for the



Table 4 Effect of self-curing agents on different mechanical properties of concrete at 28 days.

Self-curing agents (SCUA) and SF The variation percent

Type Percent (%) Comp. strength (%) Tensile strength (%) Flexural strength (%) Modulus of elasticity (%)

Leca 10 +10.0 +3.7 +1.6 +1.4

15 +17.5 +7.4 +7.2 +4.1

20 +15.0 +5.6 +3.4 +2.1

Ch. 1 +20.0 +7.4 +2.0 +3.1

2 +23.5 +14.8 +6.8 +5.0

3 +25.0 +10.0 +3.6 +3.5

Ch. + SF 2 Ch. + 15 SF +50.0 +22.2 +13.6 +7.1

Fig. 6 Effect of saturated Leca% on indirect tensile strength of

self-curing concrete (SCUC).

Fig. 7 Effect of polyethylene-glycol (Ch.) % on indirect tensile

strength of self-curing concrete (SCUC).

Fig. 8 Effect of water-cement ratio on indirect tensile strength of

SCUC (Concrete with 2% Ch.).

Fig. 9 Effect of Cement Content (C.C) on indirect tensile

strength of SCUC (Concrete with 2% Ch.).

Fig. 10 Effect of silica fume ratio on indirect tensile strength of

SCUC (Concrete with 2% Ch.).
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case of SCUC (ch. type) and (2) for the case of SCUC (Leca
type).

Ft ¼ 0:26ðfcuÞ0:64 ð1Þ
Ft ¼ 0:24ðfcuÞ0:66 ð2Þ

where ft is the indirect tensile strength in (MPa) and fcu is the

compressive strength for the cube in (MPa). The degree of con-
fidence is 0.9589 in the case of SCUC (ch. type) and 0.9783 in
the case of SCUC (Leca type) as shown in Figs. 11 and 12,
respectively.



Fig. 12 Compressive strength versus indirect tensile strength of

self-curing concrete (Concrete with Leca).

Fig. 13 Effect of saturated Leca % on flexural strength of self-

curing concrete (SCUC).
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Flexural strength

Fig. 13 shows that, concrete without leca (conventional con-
crete) exhibited a higher flexural strength at early ages com-
pared with concretes containing leca. Beyond that, the

strength of self-cured concretes increases gradually and
becomes higher than their reference at 28 days. The concrete
containing 10%, 15% and 20% leca gave a higher 28 days
strength by about 1.6%, 7.2 and 3.4%, respectively, relative

to conventional concrete (0.0% leca).
It can be seen from the results that, the rate of flexural

strength gain in the case of conventional concrete (0.0% ch.)

is lower than that of self-cured concretes as shown in
Fig. 14. At 28 days, self-cured concrete of 3% ch. showed
the highest increase in strength by about 6.8%, relative to con-

ventional concrete (Table 4).
For the concrete series with different water–cement ratios

with 2% ch., obviously reducing the water–cement ratio signif-

icantly increases flexural strength and improves the effect of
ch. Reducing the water–cement ratio in concrete from 0.5 to
0.4 and to 0.3 caused a higher strength by about 5.1% and
9.9%, respectively, after 28 days as shown in Fig. 15.

Increasing the cement content in concrete from 300 kg/m3

to 400 kg/m3 significantly increased the flexural strength while
the cement content of 500 kg/m3 did not significantly change

the results as shown in Fig. 16. In general a cement content
of 400 and 500 kg/m3 with 2% ch. caused a higher strength
by about 32.2% and 36.4%, respectively, relative to a cement

content of 300 kg/m3 after 28 days.
From Fig. 17 it is obvious that, the incorporation of silica

fume (15%) into concrete mixture with 2% ch. improved the
flexural strength. The rate of increase in strength is approxi-

mately similar to the reference concrete, and silica fume con-
crete exhibits a higher strength by about 6.4% compared to
concrete without silica fume after 28 days.

Relation between flexural and compressive strength

Based on the test results, the following experimental relation-

ship for predicting the flexural strength based on compressive
strength value can be expressed as in Eqs. (3) for the case of
SCUC (ch. type) and (4) for the case of SCUC (Leca type).

Fr ¼ 0:48ðfcuÞ0:62 ð3Þ
Fig. 11 Compressive strength versus indirect tensile strength of

Self-curing concrete (Concrete with Ch.).

Fig. 14 Effect of polyethylene-glycol (Ch.) % on flexural

strength of self-curing concrete (SCUC).
Fr ¼ 0:99ðfcuÞ0:8 ð4Þ

where fr is the flexural strength in (MPa) and fcu is the com-

pressive strength for the cube in (MPa). The degree of confi-
dence is 0.9452 in the case of SCUC (ch. type) and 0.9908 in
the case of SCUC (Leca type) as shown in Figs. 18 and 19,
respectively.



Fig. 15 Effect of water-cement ratio on flexural strength of

SCUC (concrete with 2% Ch.).

Fig. 16 Effect of cement content (C.C) on flexural strength of

SCUC (concrete with 2% Ch.).

Fig. 17 Effect of silica fume (S.F) on flexural strength of SCUC

(concrete with 2% Ch.).

Fig. 18 Compressive strength versus flexural strength of self-

curing concrete (concretes with Ch.).

Fig. 19 Flexural strength versus compressive strength of self-

curing concrete (concrete with Leca).

Fig. 20 Effect of saturated Leca % on modulus of elasticity of

self-curing concrete (SCUC).
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Modulus of elasticity

The modulus of elasticity of all concrete mixes (self-curing and
conventional concretes) increase gradually with time under air

curing (Fig. 20). The use of saturated leca as self-curing agent
(leca type) in concrete causes continuation of the hydration
process of cement paste, and thereby less porosity concrete is

produced. At 28 days concrete with 15% leca shows a higher
modulus of elasticity followed by 20%, 10% and 0.0% (con-
ventional concrete). In general 10%, 15% and 20% leca exhib-
ited little increase in the modulus of elasticity by about 1.4%
4.1% and 2.1%, respectively, compared with their reference
concrete (0.0% leca).

The effect of ch. agent addition on the modulus of elasticity

can be seen in Fig. 21. The test results show a higher modulus
of elasticity of concretes containing ch. relative to conventional
concrete during the experiment. Increasing ch. ratio from 2%

to 3% was not effective where the modulus of elasticity
reduced at all ages. After 28 days, concrete with 1%, 2%
and 3% ch. caused an increase in the modulus of elasticity
by about 3.1%, 5% and 3.5%, respectively, compared with

conventional concrete.



Fig. 21 Effect of polyethylene-glycol(Ch) % on modulus of

elasticity of self-curing concrete (SCUC).

Fig. 22 Effect of water–cement ratio on modulus of elasticity of

SCUC (concrete with 2% Ch.).

Fig. 24 Effect of silica fume (S.F) on modulus of elasticity of

SCUC (concrete with 2% Ch.).

Fig. 25 Compressive strength versus modulus of elasticity of
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From the test results shown in Fig. 22 it is noticed that,
reducing the water–cement ratio significantly increases the

modulus of elasticity at all ages and improves the effect of
ch. in self curing concrete. Reducing the water–cement ratio
from 0.5 to 0.4 and 0.3 increased the modulus of elasticity

by about 1.7% and 3.8%, respectively, after 28 days.
The modulus of elasticity of concretes containing cement

contents of 300 kg/m3, 400 kg/m3 and 500 kg/m3 significantly

increased with time and had the same behaviour as shown in
Fig. 23. The higher cement content always gives a higher mod-
ulus of elasticity as a result of less voids and pore decrease, and
Fig. 23 Effect of cement content (C.C) on modulus of elasticity

of SCUC [concrete with 2% Ch.).
the greater bond force between cement past and the aggregate.

In general, cement contents of 400 and 500 kg/m3 with 2% ch.
caused a higher strength by about 6.3% and 7.9%, respec-
tively, relative to a cement content of 300 kg/m3 after 28 days.

Fig. 24 shows that, the incorporation of silica fume (15%)
into concrete mixtures with 2% ch. improved slightly the mod-
ulus of elasticity of concrete during the experiment. The rate of

increase in the modulus of elasticity is approximately equal in
the two types of concrete (with and without silica fume) and at
age of 28 days silica fume concrete gives a higher value of mod-

ulus of elasticity (by about 1.9%) relative to concrete without
silica fume. This may be attributed to the ability of silica fume
self-curing concrete (concrete with Ch.).

Fig. 26 Compressive strength versus modulus of elasticity of

self-curing concrete (concrete with Leca).
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to retain water for the continuation of the cement hydration
and create a great bond force between the cement paste and
aggregate.

Relation between modulus of elasticity and compressive strength

Based on the test results, the following experimental relation-

ship for predicting the modulus of elasticity based on the com-
pressive strength value can be expressed as in Eqs. (5) for the
case of SCUC (ch.t) and Eq. (6) for the case of SCUC (Leca.t).

E ¼ 15:47ðfcuÞ0:19 ð5Þ

E ¼ 14:78ðfcuÞ0:2 ð6Þ

where E is the modulus of elasticity in (GPa), and fcu is the
compressive strength for the cube in (MPa). The degree of con-

fidence is 0.9422 in the case of SCUC (ch. type) and 0.9901 in
the case of SCUC (Leca type) as shown in Figs. 25 and 26,
respectively.

Conclusions

From the results obtained in this study the following conclu-

sions can be noted:

1. The use of self-curing agents (polyethylene-glycol or satu-

rated leca) in concrete mixes improves the mechanical prop-
erties of concretes under air curing regime which may be
attributed to a better water retention and causes continua-
tion of the hydration process of cement past resulting in less

voids and pores, and greater bond force between the cement
paste and aggregate.

2. The improvement in the mechanical properties of self-cur-

ing concrete (SCUC) was superior while using self-curing
agent of chemical type (polyethylene-glycol) compared to
aggregate type (saturated leca) as shown in Table 4. The

values of 2% polyethylene-glycol and 15% saturated leca
represent the optimum doses as self-curing agents in con-
crete, among the values examined (1–3% ch.) or (10–20%

leca), respectively.
3. In self-curing concrete, increasing the cement content and/

or reducing w/c ratio markedly enhance(s) the mechanical
properties of concrete. On the other hand the lowest allow-

able cement content and the highest allowable w/c ratio
that should be used in self-curing concrete are about
300 kg/m3 and 0.5, respectively, otherwise the self-curing

effect thereafter may vanish.
4. The incorporation of silica fume (SF) in SCUC (concrete

with 2% ch.) causes additional improvement in the

mechanical properties of concrete (Table 4). This improve-
ment is not only due to pozzolanic reaction but also due to
its ability to retain water (better water retention) which
causes continuation of the cement hydration and great

bond force between cement paste and aggregate compared
with reference concrete (without SF and SCUA).

5. The test results of this investigation illustrate that, the indi-

rect tensile strength was in the range of 6.4% to 8.5% fcu
for all self-curing concrete and is perfectly correlated with
compressive strength by the proposed Eqs. (1) for the case

of ch. and (2) for the case of leca.
6. The test results of flexural strength represented 10–14.5%

of compressive strength of all self-curing concrete type.
Good correlation was observed between Flexural and com-
pressive strength through the proposed Eqs.; (3) for the

case of ch. and (4) for the case of leca.
7. The results of this study revealed that, the statical modulus

of elasticity (E) was strongly correlated with compressive
strength (fcu) for all self-curing concrete types at different

ages. The predicted values of E (in terms of fcu) using the
proposed Eqs. (5) for the case of ch. and (6) for the case
of leca revealed a close agreement with the measured

values.
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