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Abstract This paper evaluates the effect of poor

compaction on the compressive strength, sorptivity, gas

permeability and accelerated carbonation resistance of

bulk concrete in structures, framed in the scenario of

disputes over the quality of the supplied concrete. For that

purpose, several real-scale elements (beams, columns

and slabs) were cast with concrete incorporating Port-

land-limestone cement and fly ash addition, covering a

wide range of slumps (35–123 mm) and compressive

strengths (25–65 MPa). The elements were then sub-

jected to different compaction conditions (standard

vibration and no vibration), and later cored for concrete

testing. A new compaction indicator that overcomes the

main practical limitations associated with the determina-

tion of the excess voidage of concrete is proposed, aswell

as new factors for correcting the effects of on-site

compaction in the estimation of the potential carbonation

resistance and the compressive strength of concrete. It is

also shown that vibration no longer improves the quality

of bulk concrete in structures for slumps above * 140

mm, which suggests that, in cases of dispute where

greater slumps are specified, no correction for com-

paction shouldbeneeded in theestimationof thepotential

properties of concrete.

Keywords Vibration � Workability � Durability �
Compressive strength � Carbonation � Porosity

1 Introduction

Concrete in structures is often subjected to compaction

conditions poorer than those of standard concrete

specimens manufactured for prequalification and

quality control purposes. This may occur due to

several factors, such as, for example:

• The larger dimensions and often lower rigidity of

the forms compared to standard moulds, which

may reduce the effectiveness of vibration;

• The narrow on-site spaces to be filled (e.g. between

the reinforcement and the forms), which may filter

concrete constituents, leaving voids and creating
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barriers that make it difficult for trapped air to

escape during vibration;

• Differences in concrete rheological properties

resulting, for example, from variations in mix

proportions and concrete temperature during pro-

duction and placement, as well as from delays in

the transportation of concrete to the worksite.

Poor compaction increases concrete porosity and

can significantly impair both the mechanical [1–3] and

the durability-related [4–7] performance of concrete,

as well as the bond strength of embedded reinforce-

ment [3, 8]. Knowledge of the magnitude of the effects

of on-site compaction on concrete quality is crucial not

just to promote an adequate mix design and execution

of concrete structures, but also to make fair decisions

(e.g. assignment of liabilities) in cases of dispute over

the quality of the supplied concrete (e.g. when

conformity based on standard control specimens is in

doubt). In practice, concrete specification has been

traditionally based on prescriptive methods, in which

limits are established for the composition and the

compressive strength of concrete, and where quality

control is essentially based on controlling its com-

pressive strength during execution. Consequently,

disputes over the quality of the supplied concrete are

generally resolved on the basis of the assessment of

concrete compressive strength, for which guidelines

can be found in technical documents [9] and standards

[10, 11]. Today, with the increased use of new binders

in concrete, there is a growing trend towards the

performance-based specification of concrete durabil-

ity [12], in which the prescriptive limits to the

composition of concrete are replaced by limits to its

durability-related properties (e.g. carbonation resis-

tance and resistance to chloride penetration). The

transition to the performance-based specification of

concrete durability has been a slow process, which

basically started with the incorporation of service-life

models in international codes [13] and standards [14],

as well as in national regulations [15, 16]. More

recently, CEN has decided to take a large step towards

this transition, by planning the incorporation of

Exposure Resistance Classes in the next version of

Eurocode 2, which will be addressed in a new part of

the European Standard EN 206, in relation to carbon-

ation- and chloride-corrosion. Therefore, it is expected

that future disputes over the quality of the supplied

concrete will also be focused on the assessment of the

durability-related properties of concrete. However, no

guidelines can be found in the literature to perform

such assessment.

Disputes resolved on the basis of the assessment of

compressive strengthusually involvedrilling cores from

the structure and estimating the potential compressive

strength of concrete (i.e. as if itwasmanufactured, cured

and tested as the standard control specimens), f c, using

factors to correct the effects associated with execution

and testing conditions, as follows:

fc ¼ CComp: � CCuring � CAge � CDir: � CD � CL=D

� CRH � . . .� fc;is

ð1Þ

where

• fc;is is the core compressive strength;

• CComp: and CCuring are strength correction factors

that account for on-site compaction and curing

conditions of concrete, respectively;

• CAge, CDir:, CD, CL=D, CRH, … are strength

correction factors that account for the effects of

core testing conditions, such as, respectively: age

of testing; direction of drilling; diameter, length-

to-diameter ratio and internal relative humidity of

the cores; etc.

With respect to the effects of compaction in

particular, values for the strength correction factor

CComp: can be found in CSTR11 [9] and BS 6089 [11],

as a function of the excess voidage of concrete

resulting from imperfect compaction. This excess

voidage can be determined in two ways: by means of

density measurements on cores drilled from the

structure, which need to be compared with the

(potential) density of the standard control specimens;

or by visual examination of the cores, comparing the

number and size of the voids exposed on their surface

with those displayed in reference images of concrete

specimens of known actual voidage. In principle, a

similar approach can be used for assessing the

potential durability-related properties of concrete,

using correction factors for compaction applicable to

such properties. This methodology has, however, two

long-known limitations associated with the determi-

nation of the excess voidage that need to be overcome:

• The density method can only be determined if the

potential density of concrete is known. However,
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in practice, this information is not always avail-

able. It has also been pointed out that on-site curing

conditions may affect the density of concrete,

which may lead to biased estimates of its excess

voidage [9];

• The visual method can only be performed in a

discrete manner and is highly subjective, since it is

based on an individual interpretation of what

reference image best resembles the distribution of

visible surface voids in the cores. In addition, this

method depends on uncontrolled factors that may

affect the examination of the cores, such as light

conditions, colour of concrete constituents, etc.

This paper studies the effect of on-site compaction

conditions on the compressive strength, sorptivity, gas

permeability and accelerated carbonation resistance of

concrete in structures. For that purpose, real-scale

elements were cast with concrete made with and

without fly ash addition, covering a wide range of

slumps and compressive strengths. The elements were

then subjected to different compaction conditions, and

later cored for concrete testing. A new compaction

indicator that overcomes the main practical limitations

associated with the determination of the excess

voidage is developed, as well as new correction

factors for compaction applicable in cases of dispute

over the carbonation resistance and the compressive

strength of the supplied concrete.

2 Methods

2.1 Concrete composition and casting

Six concrete loads of 3 m3 were produced by a local

supplier, in a ready-mixed concrete plant, with the

compositions and slumps described in Table 1. Two

binders were used—Portland-limestone cement type

CEM II/A-L 42.5 R [17], with and without a 30 wt.%

replacement level of fly ash addition. All concrete

mixtures had a maximum aggregate size of 25 mm.

Table 2 shows the chemical composition and the

physical properties of the cement and the fly ash used

in the mixtures.

With each concrete load, two 0.50 9 0.50 9 2.00 m

reinforced columns, a 0.40 9 0.50 9 2.00 m rein-

forced beam and a 0.20 9 1.50 9 3.00 m plain slab

were cast outdoors, over a concrete floor (Fig. 1). The

slabs were cast over a polyethylene sheet to prevent the

absorption ofwater from concrete by the floor. In one of

the columns and in two thirds of the length of the beams

and slabs, the concrete was vibrated with a poker

vibrator with a head diameter of 44 mm and a standard

frequency (170 Hz, which meets the performance

requirements recommended by ACI 309R-05 [18] for

the internal vibration of concrete in these types of

element), until the formation of air bubbles at the top

surface of the elements practically ceased, as recom-

mended by EN 13670 [19]. After vibration, the other

column and the remaining length of the beam and slab

were cast, and the concrete was just levelled at the top

surface of the elements. In both columns, the maximum

free-fall height of concretewas limited to 1.5 m to avoid

any related adverse effect on concrete quality. Figure 2

describes the design details, as well as the compaction

and curing conditions of the concrete elements (the

reason for the different curing conditions is that this

workwas carried out as part of awider research program

that also addressed the effect of curing on concrete

properties [20]).

2.2 Sampling and testing

Cores of 100 and 150 mm in diameter were drilled

from the outdoor concrete elements at different

concrete ages (four days before the age of testing) to

determine the compressive strength, sorptivity, gas

permeability and accelerated carbonation of both the

vibrated and the non-vibrated concrete, as well as the

excess voidage and the open coarse porosity of the

non-vibrated concrete. The cores were cut according

to Fig. 3 and immersed in water for at least 48 h before

the testing age.

All the tests were performed on the concrete at a

certain distance from the exposed surface of the

elements (bulk concrete), so the wall effect and the

effect of curing could be minimized. For each test, all

specimens were cut from a different core so that the

variability of the concrete quality within the element

could be represented, as well as possible, by the test

results. In the case of the columns, for each test, one

specimen was cut from a core drilled from the upper,

middle and lower third of the columns so that the

variability of the concrete quality along their height

could be evaluated. Table 3 shows the age of testing, as

well as the number and dimensions of the cored

specimens used in each test.
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The compressive strength was determined accord-

ing to EN 12504-1 [21], with the end surfaces of the

specimens being prepared by grinding. The remaining

test methods are described below.

2.3 Accelerated carbonation resistance

Each specimen was sealed with aluminium foil in all

surfaces but one of 140 9 150 mm (due to the

presence of large voids, the uncut surface of the

specimens with non-vibrated concrete needed to be

previously sealed with melted paraffin wax). It was

then exposed to the laboratory air conditions

(20 ± 2 �C and 50 ± 10% r.h.) for 14 days and

placed in a ventilated chamber at 23 ± 1 �C
60 ± 5% r.h. and 5.0 ± 0.1% CO2 (0.09 kg of CO2

per m3 of air) in such a way that the air could circulate

freely over the unsealed surface. Four periods of

exposure were considered, which were well-spaced

over 25 days (concrete S0.65 and 0.65F) or 36 days

(concrete S0.50 and S0.50F). After each period, the

specimen was removed from the chamber and

transversally fractured (Fig. 3) and a concrete segment

about 15 mm thick being obtained. The remaining

specimen was immediately sealed with melted paraf-

fin in its fractured surface and placed back in the

carbonation chamber. The carbonation depth was

measured on six points spaced by 15 mm, in the

fractured surface of the concrete segment (between 50

and 125 mm away from the originally exposed surface

of the element), using a phenolphthalein solution and a

digital calliper, according to RILEM Recommenda-

tions [22]. The accelerated-carbonation resistance RC

of the specimen was determined by the following

expression:

RC ¼ 2c=k2c kg year=m5
� �

ð2Þ

where c is the CO2 concentration of the air in the

chamber (0.09 kg/m3); and kc is the coefficient of

carbonation, which was estimated by linear regression

analysis, using the following model and the four pairs

of results (x2d,t):

x2d ¼ k2c � t m2
� �

ð3Þ

where xd is the average carbonation depth of the test

specimen after the exposure period t; and k2c is the

fitting parameter.

Table 1 Concrete composition and slump

Mix

name

CEM II/A-L 42.5

R (kg/m3)

Fly ash

(kg/m3)

Natural siliceous

sanda (kg/m3)

Crushed limestone coarse

aggregatea (kg/m3)

Admixtureb (wt%

of the binder)

Eff.

w/b

Slumpc

(mm)

S0.65 240 930 1070 1.30 (P) 0.65 103

S0.50 340 820 1060 0.54 (P) 0.50 48

S0.35 440 750 1090 0.60 (P) ? 0.60

(SP)

0.35 123

S0.65F 182 78 910 1020 0.70 (P) 0.65 35

S0.50F 238 102 810 1040 0.60 (P) 0.50 85

S0.40F 294 126 690 1100 0.70 (P) 0.40 105

aSaturated surface-dry. bP—Plast. Pozzolith 540; SP—Superplast. Glenium Sky 548. cAverage of two slump test results

Table 2 Chemical composition (in wt%) and physical prop-

erties of the binders

CEM II/A-L 42.5R Fly ash

CaO 58.9 5.5

SiO2 18.7 49.8

Al2O3 5.6 23.2

Fe2O3 3.1 7.8

SO3 2.8 0.8

MgO 1.8 1.6

Na2O 0.2 1.2

K2O 1.0 1.8

Ins. Res 4.4

LOI 7.1 5.8

Free CaO 0.6

Blaine [cm2/g] 4050 4040

Density [kg/m3] 3028 2350
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2.4 Water absorption and gas permeability

Each specimen was sealed with aluminium foil on its

curved surface and dried for 3 days in a ventilated

chamber at 50 ± 2 �C. Afterwards, the specimen was

sealed with cellophane film, placed in a sealed plastic

box and kept for 14 days in the ventilated chamber at

50 ± 2 �C, for moisture redistribution. After cooling

down to 20 ± 1 �C for 24 h, the specimen was

unwrapped and subjected to the gas permeability and

water absorption tests according to RILEM Recom-

mendations [23], using oxygen as the permeating gas,

and with the uptake of water by capillary absorption

being measured at 1, 2, 4 and 8 h. The apparent gas-

permeability Ka (in 9 10-16 m2) was determined

according to the RILEM-CEMBUREAU method

[23]. The sorptivity S (in 9 105 g mm-2 h-0.5) of

the specimen was determined by linear regression

analysis, using the following model and the four pairs

of results (w tð Þ,t):

Fig. 1 Concrete elements

Fig. 2 Design details (in m), compaction and curing of each set of concrete elements
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w tð Þ ¼ Aþ S �
ffiffi
t

p
½�105g=mm2� ð4Þ

where w tð Þ is the mass of water absorbed per unit area

of the surface of the test specimens in contact with

water at the suction period t.; and A and S are the fitting

parameters.

It should be noted that, since the relative humidity in

the ventilated chamber could not be controlled, the

specimens from the same concretemixwere all dried at

the same time to ensure, as well as possible, that they

were exposed to the same hygrometric conditions.

2.5 Excess voidage

The excess voidage of non-vibrated concrete was

determined on the basis of the apparent density of the

Fig. 3 Cutting scheme of the test specimens (dimensions in mm)

Table 3 Testing program

Elements Age of

testing(1)

(days)

Number of test specimens per compaction condition

Compressive strength (f c)
& Excess voidage

Sorptivity (S) & Gas perm. &

Excess of open coarse porosity

Acc. carbonation

resistance(2) (Rc)

Beams (Vib. demoulded

at 72 h & Non-vib.)

28 3 3 2

91 3

Columns (Vib. & Non-

vib.)

91 3 3 3

Slabs (Vib. no curing

system & Non-vib.)

91 3

364 3

Specimen dimensions

(mm)

100 9 /100 50 9 /100 50 9 140 9 150

(1) For the 50 9 /100 mm and 50 9 140 9 150 mm specimens, the age of testing corresponds to the concrete age at the time when

the preconditioning procedure was initiated
(2) Only concrete S0.65, S0.65F, S0.50 and S0.50F
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water-soaked specimens, immediately before the

compressive test, using the following expression1:

Excess voidage ¼ Dvib � Dno vib

Dvib � k � q
� 100% vol%½ �

ð5Þ

where Dvib and Dno vib are the saturated densities of

vibrated and non-vibrated concrete, respectively,

determined according to EN 12390–7 [24], with the

volume obtained by measurement of the actual

dimensions; k is the fraction of the voids in the

specimen with non-vibrated concrete resulting from

imperfect compaction and filled with water when

Dno vib is measured (taken as 0.5, as recommended by

CSTR11 [9]; and q is the water density (1000 kg/m3).

Expression (5) is adopted from CSTR11 [9], with the

sole difference of the concrete density being deter-

mined by the measurement of the actual dimensions of

the specimens rather than by the water displacement

method, to take into account, to some extent, the

volume of the superficial voids of the specimens.

2.6 Excess of open coarse porosity

The excess of open coarse porosity of non-vibrated

concrete was determined on the basis of the water-

soaked and vacuum-saturated masses of the specimens

used in the water absorption test, as follows [20]:

Excess of open coarse porosity¼poc;novib�poc;vib vol%½ �
ð6Þ

where poc;vib and poc;novib are the open coarse porosi-

ties of vibrated and non-vibrated specimens, respec-

tively, which are determined by the following

expression:

poc ¼
mvac � mcap

q� V
� 100% vol%½ � ð7Þ

wheremcap is the mass of the water-soaked specimens;

mvac is the mass of vacuum-saturated specimens; V is

the volume of the specimens determined by measure-

ment of the actual dimensions; and q is the water

density (1000 kg/m3). The vacuum saturation proce-

dure consisted of placing the specimens in a reservoir

in a vacuum chamber at an absolute pressure below

50 mbar and 21 ± 4 �C. After 24 h, water was slowly

introduced in the reservoir, until full immersion of the

specimens, keeping the pressure below 50 mbar. After

another 24 h, the atmospheric pressure was re-estab-

lished in the chamber and the specimens were kept

immerged in water for further 24 h. The specimens

were then removed from the water reservoir, wiped

with a wet cloth to remove the excess water from its

surfaces and weighed.

The open coarse porosity parameter was developed

aiming to find a compaction indicator that could be

determined in an objective manner without knowing the

potential density of concrete. It is known that poor

compaction results in an excessive volumeof pores caused

by entrapped air that is accidentally introduced in concrete

during mixing and pouring. Some of these pores are

typically much larger than those usually found in fully-

compacted concrete and have very low capillary suction

potential. Hence, the difference between the total open

porosity (measured in vacuum-saturated specimens) and

the open porosity able of absorbing water by capillarity

(measured inwater-soakedspecimens, i.e.by immersionat

atmospheric pressure) is expected to be a measure of the

volume of those pores, providing an indication of the level

of concrete compaction. However, in this study was

observed that vibrated concrete also exhibits non-negligi-

ble open coarse porosities (which should be due to

imperfect compaction), and, therefore, the compaction

indicator of concrete had to be considered as the difference

between the open coarse porosities of non-vibrated and

vibrated concrete, i.e. the excess of open coarse porosity.

3 Results

A wide range of compressive strengths (25–65 MPa)

and carbonation resistances (37–292 kg year/m5)

were obtained in this study. Tables 4 and 5 show the

test results (average values) obtained on vibrated and

non-vibrated concrete, respectively.

1

Dvib�Dnovib

Dvib�k�q
¼ 1þk�q�Dnovib

Dvib�k�q

� �

¼ 1þ
k�q� VsþVpþDVpð Þ� msþmwþk�q�DVpð Þ

VsþVpþDVp

msþmw�k�q� VsþVpð Þ
VsþVp

0

B@

1

CA¼

1� VsþVp

VsþVpþDVp

� �
¼ DVp

VsþVpþDVp
¼DVp

Vt

where: Dvib ¼ msþmw

VsþVp
; Dnovib ¼ msþmwþk�q�DVp

VsþVpþDVp
;ms and mw are

the mass of solids and water in concrete; Vs and Vp are the solid

and pores volumes in concrete, respectively; DVp is the volume

of pores resulting from imperfect compaction; and Vt is the total

volume of the non-vibrated concrete.
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4 Discussion

4.1 Beams and columns

4.1.1 Performance properties versus slump

The workability of conventional vibrated concrete, i.e.

the ease of mixing, placing, compacting and finishing

it to a homogeneous condition [25], is closely related

to its rheological properties, in particular to its flow

behaviour. There is a general agreement that its flow

can be approximately described by the Bingham

model [25], which depends on two rheological prop-

erties—the yield stress and the plastic viscosity.

However, in practice, measuring these two properties

on concrete can be expensive and time consuming

[26], especially on site. For that reason, the slump test

remains today the most universally used test to

measure and control the workability of concrete, as

it is simple and inexpensive. The slump is also

intimately related to the yield stress of concrete (i.e.

the minimum shear stress required to initiate flow)

[25, 26], and is generally considered to be sufficient to

control the workability of conventional vibrated

concrete. Plastic viscosity has been considered to be

most relevant for controlling the resistance to segre-

gation and bleeding of highly-flowable concrete

[27–29], although it has been found that it may also

interfere with the migration of air bubbles in mortars

[30].

Figure 4 shows the measured excess voidage and

relative properties of non-vibrated concrete from the

beams and columns as a function of slump. The error

bars represent the corresponding relative value of the

standard deviation of the test results of the non-

vibrated concrete (i.e. average value ± standard devi-

ation). The empty markers in Fig. 4f correspond to the

gas permeability values obtained from the non-

vibrated concrete where only a single specimen could

be tested. Figure 4 clearly shows the impact of slump

on the bulk properties of non-vibrated concrete, with

the excess voidage surpassing 8 vol.% within the

slump class S1, whereas the general trend suggests that

vibration ceases to improve the quality of bulk

concrete at the upper end of the slump class S3 (i.e.

for slumps above * 140 mm). This should not apply,

however, to concrete cast near surfaces (e.g. near to

forms or reinforcement), in which the volume of voids

may increase significantly due to the absence of

vibration, especially around reinforcing bars, as con-

crete struggles to completely infill the narrower

spaces. In this study, even the concrete with the

greatest slump exhibited that behaviour (Fig. 5). A

good concrete compaction in those areas is crucial to

ensure adequate durability and bond strength of

reinforcement. Grampeix et al. [3] observed that

vibration has a major beneficial impact on the bond

strength of reinforcement for concrete with slumps as

high as 180 mm. For concrete slumps above

210 * 220 mm, this beneficial impact seems to no

longer occur [3, 8].

The non-vibrated concrete from the columns

shows, in general, a better quality compared to that

from the beams. This seems to be related to the effect

of the self-weight of non-vibrated concrete, as Fig. 6

shows, in which, unlike the vibrated concrete, the

density of the non-vibrated concrete generally

increases at the base of the columns.

4.1.2 Performance properties versus excess voidage

Figure 7 shows the relative properties of non-vibrated

concrete as a function of excess voidage. In this figure,

fly ash does not show any particular impact on the

correlation between the measured performance prop-

erties and the excess voidage of concrete.

Several relationships have been proposed to relate

the compressive strength with the porosity of cement-

based materials, the most common ones being based

on linear [31], exponential [32], logarithmic [33] and

power [34] relationships. These models have later

proved to be inadequate, which favoured the devel-

opment of models that would also take into account the

pore size distribution [35, 36] and, subsequently, the

cement content [37]. However, the inadequacy of the

models exclusively based on concrete porosity has

apparently been only observed in cement-based

materials with varied cement contents, types of

aggregate and curing conditions, among other factors

[37]. In fact, studies based on concrete with varied

porosities, which were exclusively due to compaction

or intentionally entrained air, have shown good

strength-porosity correlations, by usually presenting

strength reductions of about 5 to 6% per each 1 vol%

of excess voidage, for excess voidages up to about

10% [1, 38]. In practice, relationships depending

exclusively on porosity have been preferred by

practitioners to resolve disputes over the quality of
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the supplied concrete. This has been in part motivated

by the recommendations of CSTR11 [9] and BS 6089

[11], which provide factors to correct the effect of poor

compaction on the compressive strength of concrete

based on its excess voidage. More recently, Erkkilä

et al. [39] studied the dependence of the compressive

strength of mortars solely on porosity, based on

simulations of the distribution of pores between 20 and

500 lm in size. They found a good correlation

between the compressive strength and the cubic root

of porosity, with the non-linearity of the results

occurring mostly within the very low range of

porosities (\ 0.5 * 1.0 vol%). In the present study,

still, the linear model showed a good fit to the

measured compressive strengths within the range of

the excess voidages obtained (Fig. 7a). The following

expression was estimated by regression analysis,

considering f vibc =f no vib
c as the dependent variable:

f vibc

f no vib
c

¼ 1= 1� 4:51� Excess voidageð Þ ð8Þ

with a standard error of estimate of 0.08 (i.e. the

estimated standard deviation of residuals, which is an

estimate of the standard deviation of f vibc =f no vib
c ).

Table 6 shows the strength correction factors for

compaction,Cfc
Comp: (equivalent to f

vib
c =f no vib

c ), derived

from expression (8). It should be noted that adopting a

value for k other than 0.5 (i.e. when estimating the

excess voidage by expression (5)) changes the slope of

the denominator in expression (8), but practically does

Table 4 Properties of vibrated concrete

Mix

name
f vibc (MPa) Rvib

c (kg year/m5) | Kvib
a

(9 10-16 m2)

Svib(9 105 g mm-2 h-0.5)

| poc; vib (vol.%)

Beam 28

d

Beam 91

d

Column 91

d

Slab 91

d

Slab 364

d

Beam 28

d

Column 91

d

Beam 28 d Column 91 d

S0.65 25 29 29 28 30 41|0.50 37|0.75 49|1.6 60|2.8

S0.50 48 52 53 51 55 292|0.05 260|0.09 21|1.8 27|1.4

S0.35 58 64 65 62 63 10|2.4 13|2.0

S0.65F 33 43 42 40 44 56|0.05 70|0.02 19|0.8 17|0.6

S0.50F 47 54 52 48 56 123|0.02 153|0.01 14|0.7 17|0.9

S0.40F 58 62 58 58 61 6|0.7 10|0.9

Table 5 Properties of non-vibrated concrete

Mix

name
f no vib
c (MPa) | Excess voidage (vol%) Rno vib

c (kg year/m5) |

Kno vib
a (9 10-16 m2)

Sno vib[9 105 g mm-2 h-0.5]

| poc;no vib (vol%)

Beam 28

d

Beam 91

d

Column 91

d

Slab 91

d

Slab 364

d

Beam 28 d Column 91

d

Beam 28 d Column 91 d

S0.65 21|4.8 25|4.6 24|3.5 29|1.9 31|1.6 31|1.16 32|1.70 55|4.0 63|5.0

S0.50 35|5.8 37|5.9 40|4.6 55|2.6 62|1.8 143(1)|0.18(2) 226|0.21 32|4.9 36|4.1

S0.35 54|1.6 56|1.9 59|1.6 61|1.7 62|1.5 11|4.0 11|3.3

S0.65F 22|8.7 24|8.7 32|5.7 33|4.2 44|1.2 26|0.24(2) 46|0.46(2) 26|5.1 24|4.1

S0.50F 39|2.7 45|2.8 47|2.3 52|0.8 62|1.0 111|0.05 142|0.02 17|2.2 14|1.4

S0.40F 50|2.5 57|2.2 59|2.7 59|0.5 65|0.2 7|1.0 9|1.5

(1)The carbonation depths measured during the tests showed a significant deviation from the function given by expression (3)
(2)Only a single specimen could be properly tested as the permeability of the remaining specimens were above the reliable range of

the permeameter
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not affect its goodness of fit. Expression (8) shows a

good agreement with the correction factors recom-

mended by BS 6089 [11], as shown in Fig. 7a. The

correction factors recommended by CSTR11 [9],

however, appear to follow the lower envelope of the

results, and, therefore, they should be less suitable for

resolving disputes over the quality of supplied

concrete, in which the risks must be balanced between

the contractor and the concrete producer.

The accelerated carbonation resistance (Fig. 7b)

also seems to exhibit a good correlation with the

excess voidage of concrete. The following relationship

was estimated by regression analysis, considering

Rvib
c =Rno vib

c as the dependent variable:

Rvib
c

Rno vib
c

¼ 1= 1� 14:0� Excess voidage1:31
	 


ð9Þ

with a standard error of estimate of 0.05. In this

regression analysis, a potential outlier corresponding

to the results obtained in the beam with concrete S0.50

was dismissed, since the carbonation depths measured

during the tests exhibited a significant deviation from

Fig. 4 Relative properties of non-vibrated concrete vs Slump (beams and columns)

60 Page 10 of 18 Materials and Structures (2023) 56:60



the function given by expression (3). Table 6 shows

the correction factors for correcting the effect of

compaction on the accelerated carbonation resistance

of concrete, CRc
Comp: (equivalent to Rvib

c =Rno vib
c ),

derived from expression (9). Due to the large uncer-

tainty associated with measuring the carbonation

depth in very poorly compacted concrete, the use of

correction factors for excess voidages greater than 5%

is not recommended. The scatter associated with

expression (9) (observed in Fig. 7b) can partly result

not only from the statistical uncertainty (associated

with the small number of carbonation tests) but also

from the variability in Rc associated with difficulties in

measuring the carbonation front of non-vibrated

concrete, which was not always sharp. Figure 8 shows

the worst case observed during testing, in which the

carbonation front is frequently disrupted due to large

compaction voids. Another possible factor that may

have contributed to the uncertainty of expression (9)

may be related to the direction of the CO2 ingress into

the concrete specimens. Leemann et al. [40] found that

vibration can lead to significant differences in the

porosity of the lower, lateral and upper interfacial

transition zones between the aggregates and the

cement paste, with possible consequences for the

transport properties of concrete. In addition, during

vibration, there is the tendency for an upward move-

ment of water inside concrete, which may create

permeable paths after hardening. Arguably, these two

factors could cause anisotropy in the transport prop-

erties of concrete. In the present study, however, the

effect of a possible anisotropy was not evaluated since,

due to the procedure adopted for cutting the specimens

used in the carbonation tests (Fig. 3), the direction of

CO2 penetration into the specimens relative to the

casting direction was not controlled.

Figure 7c does not exhibit a clear relationship

between the sorptivity and the excess voidage. Since

part of the voids resulting from poor compaction are

too large to be able to absorb water during the water

absorption test (i.e. due to their low capillary suction

potential), some authors [41, 42] have suggested that

water absorption may be lower when concrete is

poorly compacted. The results obtained in this work

suggest that it should only happen for very large

excess voidages (i.e. for more poorly compacted

concrete than those studied here), as values of

Svib=Snovib above one were generally obtained for

excess voidages up to about 9 vol.%. Gonen and

Yazicioglu [4] also observed increased sorptivities in

poorly compacted concrete. This increase may result

Fig. 5 Compaction voids concentrated close to steel bars, at the

surface of the non-vibrated column (concrete S0.35)

Fig. 6 Concrete density along the height of the columns
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from changes in the capillary pore structure (e.g.

increase in the volume and average diameter of

capillary pores). It could be argued that the cause for

the increase in sorptivity is related to the fact that the

increase in porosity resulting from poor compaction

may amplify the drying rates during the precondition-

ing of the test specimens, by increasing the concrete

permeability and the volume of empty pores available

for absorption. However, this does not seem to be the

prevailing cause, considering that Gonen and Yazi-

cioglu [4] observed increased sorptivities in poorly

compacted concrete specimens dried at 105 �C until

constant mass.

Figure 7d shows that the gas permeability also does

not show a clear correlation with the excess voidage.

This weak correlation may be primarily related to the

large scatter of the gas permeability test results,

especially for the largest excess voidages, where only

a single non-vibrated-concrete specimen could be

tested (empty markers in Fig. 7d). The excessively

high permeability of the specimens (with non-vibrated

concrete) that could not be properly tested (as their

permeability were above the reliable range of the

permeameter), demonstrates the great sensitivity of

the gas permeability test to defects in concrete pore

structure, such as those induced by poor compaction.

The weak correlations observed in Fig. 7c and d

highlight the limitation of using the water absorption

or the gas permeability tests to solve disputes over the

quality of the supplied concrete. This is because there

Fig. 7 Relative properties of non-vibrated concrete vs Excess voidage (beams and columns)
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are still no tools able to distinguish if the cause of a

possible insufficient quality of concrete in the struc-

ture (measured by these properties) is attributed to a

poor potential quality of concrete or to inadequate

execution conditions, such as poor compaction.

4.1.3 Performance properties vs excess of open

coarse porosity

Figure 9 shows the excess of open coarse porosity

measured in the concrete from beams and columns as a

function of the excess voidage. The excess of open

coarse porosity shows a high sensitivity to the level of

concrete compaction, averaging about half of the

excess voidage. However, for concrete close to full

compaction (i.e. low excess voidages), fly ash concrete

shows excesses of open coarse porosity much lower

than the general trend. This may be due to the

refinement of concrete pore structure promoted by fly

ash reactions [43, 44], which may have reduced its

connectivity and, consequently, the overall access of

water to pores during the vacuum process.

Overall, fairly good correlations were found

between the excess of open coarse porosity and both

the compressive strength and the carbonation resis-

tance, as shown in Fig. 10. The following expressions

were derived from regression analysis, in the same

way as expressions (8) and (9):

f vibc

f novibc

¼1= 1�7:83�Excess of open coarse porosityð Þ

ð10Þ

Rnovib
c

Rvib
c

¼ 1= 1� 196� Excess of open coarse porosity1:86
	 


ð11Þ

Table 6 Correction factors for compaction as a function of

excess voidage

Excess voidage (%) Cfc
Comp: CRc

Comp:

0.0 1.00 1.00

0.5 1.02 1.01

1.0 1.05 1.03

1.5 1.07 1.06

2.0 1.10 1.09

2.5 1.13 1.12

3.0 1.16 1.16

3.5 1.19 1.20

4.0 1.22 1.25

4.5 1.25 1.31

5.0 1.29 1.37

5.5 1.33 –

6.0 1.37 –

6.5 1.41 –

7.0 1.46 –

7.5 1.51 –

8.0 1.56 –

Standard deviation 0.08 0.05

Fig. 8 Disruptions of the carbonation front due to extremely

poor compaction (concrete S0.65F)

Fig. 9 Excess of open coarse porosity vs Excess voidage

(beams and columns)
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with standard errors of estimate of 0.07 and 0.05,

respectively. Table 7 shows the correction factors for

taking into account the effect of compaction on

compressive strength and accelerated carbonation

resistance, estimated from expressions (10) and (11),

respectively.

For the practical application of the excess of open

coarse porosity as a compaction indicator in disputes

where no information on the fully-compacted concrete

is available, further research is still needed to know

what typical values of the potential open coarse

porosity are expected. For that purpose, tests should be

performed on concrete specimens compacted under

standard conditions, such as those used in the prepa-

ration of control specimens. Once a typical value is

found, it should be subtracted from the open coarse

porosity measured on the cores when calculating the

excess of open coarse porosity of concrete in the

structures. Preliminary results could be obtained in

standard specimens made with the compositions used

in this study. The results showed potential open coarse

porosities up to 1.3 vol.% for the Portland concrete

(although concrete S0.50 and S0.35 showed values

lower than 0.5 vol.%), and up to about 0.3% in the fly

ash concrete. Based on these values and on the

information given in Table 7, and assuming a general

value of about 0.75 vol. %, it may be expected that the

uncertainty associated with the potential open coarse

porosity should not impact the estimated correction

factors Cfc
Comp: and CRc

Comp: in more than 0.06 and 0.04.

This relatively low impact shows the weak depen-

dence of this compaction indicator on the information

available on fully-compacted concrete, which should

be acceptable in most cases.

Fig. 10 Relative properties of non-vibrated concrete vs Excess of open coarse porosity (beams and columns)

Table 7 Correction factors for compaction as a function of

excess of open coarse porosity

Excess of open coarse porosity (%) Cfc
Comp: CRc

Comp:

0.00 1.00 1.00

0.25 1.02 1.00

0.50 1.04 1.01

0.75 1.06 1.02

1.00 1.08 1.04

1.25 1.11 1.06

1.50 1.13 1.09

1.75 1.16 1.12

2.00 1.19 1.16

2.25 1.21 1.20

2.50 1.24 1.26

2.75 1.27 1.32

3.00 1.31 –

3.25 1.34 –

3.50 1.38 –

3.75 1.42 –

4.00 1.46 –

Standard deviation 0.07 0.05
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4.2 Slabs

Figure 11 shows the measured relative properties of

non-vibrated concrete from the slabs. Overall, the lack

of vibration shows less impact on the concrete quality,

resulting in smaller excess voidages compared to

beams and columns. This may be due to some

compaction induced by the levelling procedure

applied on the top surface of non-vibrated slabs and

to the fact that the distance the air has to travel inside

the slabs to escape from the top surface is very small

compared to that inside the beams and columns.

However, a distinct behaviour of the concrete from

slabs can be observed compared to that from beams

and columns. Although the lack of vibration led to

excess voidage in the concrete from slabs, greater

compressive strengths were generally obtained com-

pared to vibrated concrete (with practically the only

exception being the concrete S0.65F, which showed

the largest excess voidage of 4.2 vol.%). In fact, no

apparent relationship can be observed between the

compressive strength and the excess voidage. Despite

some attempts (e.g. several cores were horizontally

drilled from the slabs to assess the effect of the

direction of drilling on concrete strength, but no

significant differences were found between the

strengths of horizontally and vertically drilled cores),

the reasons for such different behaviour remain

unknown. Nevertheless, the results obtained in this

study suggest that the empirical factors currently used

for correcting the compressive strength of concrete on

the basis of its excess of porosity, such as those given

Fig. 11 Relative properties of non-vibrated concrete (slabs)
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by CSTR11 [9] and BS 6089 [11], may not be adequate

to assess the effects of on-site compaction on the

quality of concrete in slabs.

5 Conclusions

Several real-scale concrete elements were produced to

study the impact of poor compaction on compressive

strength and durability-based properties of concrete

with and without fly ash addition. From this study, the

following conclusions can be drawn:

a. A promising compaction indicator for concrete

was developed on the basis of the open coarse

porosity resulting from imperfect compaction. It is

determined in an objective manner and shows a

weak dependence on the information available on

the potential properties of concrete, while exhibit-

ing a good correlation with the loss of compressive

strength and carbonation resistance of concrete

resulting from poor compaction;

b. New correction factors for compaction applicable

in cases of dispute over the compressive strength

and carbonation resistance of the supplied con-

crete were developed on the basis of the excess of

the open coarse porosity, as well as of the excess

voidage. The results showed that these factors are

apparently not affected by concrete mix propor-

tions or incorporation of fly ash;

c. The concrete compressive strength from slabs did

not correlate with the excess voidage resulting

from poor compaction. This observation suggests

that the existing correction factors based exclu-

sively on the excess voidage may not be adequate

to assess the impact of compaction on the concrete

compressive strength in slabs. However, the

causes of such lack of correlation remain

unknown;

d. Vibration seems to cease improving the quality of

bulk concrete at the upper end of the slump class

S3 (i.e. slumps above * 140 mm), which sug-

gests that, for greater slumps, concrete should only

require vibration in areas close to moulding

surfaces, such as those of forms, reinforcement,

etc. It also suggests that, in cases of dispute, no

correction for compaction should be needed in the

estimation of the potential properties of concrete

for specified slump classes above S3;

e. The self-weight of fresh concrete only impacts the

quality of poorly compacted concrete;

f. Poor compaction increased the sorptivity of con-

crete (at least up to * 9 vol.% of excess voidage),

proving that poor compaction does not only lead to

the occurrence of large voids in concrete, but also

affects its capillary pore structure.

This paper is the first of a collection that is being

prepared based on the results from a PhD work [20],

where the effect of factors related to curing (e.g.

temperature, season of casting, etc.) on concrete

quality was also evaluated, including the comparison

of concrete properties of real-scale elements cast

outdoors with those of standard control specimens.
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2. Gonçalves A (1987) Resistência do betão nas estruturas.

PhD Thesis, LNEC

3. Grampeix G (2012) Effect of internal vibration and concrete

rheology on properties of reinforced concrete. In: Pro-

ceedings of the 9th fib International PhD Symposium in

Civil Engineering. KIT Scientific Publishing, Karlsruhe,

pp 387–392

60 Page 16 of 18 Materials and Structures (2023) 56:60

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.14359/8124


4. Gonen T, Yazicioglu S (2007) The influence of compaction

pores on sorptivity and carbonation of concrete. Constr

Build Mater 21:1040–1045. https://doi.org/10.1016/j.

conbuildmat.2006.02.010

5. Neves R, Santos J, Monteiro A (2011) Estudo sobre a

influência da compactação na resistência do betão à car-
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sidade de Lisboa & Université Toulouse III - Paul Sabatier
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