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ABSTRACT
Compact Reinforced Composite (CRC) is a relatively new material
that combines a high strength, densely packed cement matrix with
high fibre content. The current project investigates the shear
capacity concerning application of CRC in the vertical joints
between precast concrete elements. For the purpose CRC JointCast,
a special type of CRC, are utilized. The paper presents and discusses
the results of 30 full-scale tests with 10 different joint details. The
tests showed that easy-to-construct joints with significantly higher
load bearing capacities were achieved by the application of CRC in
the joints, especially with rough surface construction joints.
Key words: CRC, PCC-elements, joint details, shear force, tests
1.

INTRODUCTION

CRC JointCast is a type of CRC designed specifically for use in small quantities and typically in
critical parts of the structure. [1] The fibres are made of steel and the content is 6% by volume.
CRC JointCast is characterised by a compressive strength in the region of 120-160 MPa, and a
tensile strength in the order of 10 MPa.
Over the last decade the application of CRC has been increasing in an array of various areas from
balconies and staircases, to bigger machine parts and repair works. CRC and its properties have
been investigated extensively but its application as CRC JointCast in joints of precast structures
has nevertheless been studied only a little. This project intended to investigate the load bearing
capacities of CRC JointCast in the vertical joints between precast elements subject to a shear
force.
The project was carried out at the Aarhus School of Engineering (ASE) as part of the authors’
bachelor project with support from Hi-Con, the world’s largest producer of CRC elements.
Testing was carried out in the laboratories at ASE. The project was launched in June 2009 and
finalised in January 2010.
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2.

JOINT DETAILS TESTED UNTIL FAILURE

2.1

Test programme

Figure 1 – Testing setup in the laboratory at ASE
The programme was aimed at investigating the shear capacity of vertical joints in precast
elements, and a total of 30 test specimens were tested in a testing setup as seen in Figure 1. The
elements had the distinctive L-shape so as to have the force in the centerline of the joint between
the elements. Each of the elements was 1400 mm in length, while the length of the joint was 1000
mm.
The test programme comprised 10 varying joint details. Different parameters in the design of the
joint details were changed to probe their effect on the shear capacity. The parameters were the
concrete mixture, different design of the reinforcement, and rough or indented surfaces. To
establish a better basis for further analysis and research only one factor at a time was altered
between the details. In addition each test was repeated twice. The 10 different joint details are
shown in Figure 2. The unreinforced details were only tested for comparison as unreinforced
details will never fulfil the codes, as the elements are unreinforced in the contact area.
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Figure 2 – Test programme, 10 joint details
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A typical joint detail (Joint detail 1) was the base for the test programme, but due to the special
properties of CRC, the indented surface had to be altered from the typical joint detail to a new
type so that a failure in the joint could be achieved. As a result the indented surface had three
indentations, each 90 mm by 40 mm, which equals to less than 10% of the total joint area. Typical
joint details in the building industry have a total joint area in the region of 50%. [2]
The details with rough surface were not as such an investigation to the capacity of CRC JointCast,
but as to how a rough surface could inflict on the load bearing capacities of the details. The details
with rough surface were estimated so that the precast element surface would fail at about half the
capacity of the hydraulic test machine. The rough surface was applied upon the whole area of the
construction joint. This was done by application of retarder on the formwork prior to casting. The
two types of construction joints are shown in Figure 3.
The testing was done horizontally in a steel frame specially constructed for the project. A 500 kN
hydraulic test machine and a force transducer were placed in continuation of each other in the
centreline of the joint. Steel plates were placed between the transducer and the test specimen and
between the test specimen and the steel frame. These plates ensured that the force from the
hydraulic test machine was acting on the same area at both ends of the test specimen. During the
loading 6 horizontal displacements were monitored by LVDT transducers and before, during and
after the testing 2 manually monitored precision dial gauges were employed in the vertical
direction.

Figure 3 – Construction joints, indented and rough surface
During testing, the load was increased continuously until failure occurred, or until the maximum
capacity of the hydraulic machine was reached. In these instances the joint details had achieved
distinctly higher loads than the predicted load to achieve failure.
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The reinforcement was bent according to normal bending rules and procedures, and was tied
together at ASE. Each joint detail required a specific arrangement of the reinforcement, and was
tied accordingly. Concrete grading in the elements was C40/50 and the batch was delivered in a
truck from the concrete supplier Unicon, and unloaded using a conveyor belt. The concretes for
joint details 1 & 2, and CRC JointCast for the other details were mixed and cast at ASE with
precision, and in accordance with normal practice.
CRC JointCast was mixed using a binder, consisting of cement, microsilica and super plasticizer,
steel fibres and water. The steel fibres were smooth, straight and had a length of 12,5 mm, and a
diameter of 0,4 mm.

Figure 4 – Test specimen before testing in the laboratory at ASE
2.2

Properties

To determine the properties used for calculations, cylinder tests were made for the four types of
concrete; concrete for the elements, concrete (35 MPa) for joint detail 1, concrete (20 MPa) for
joint detail 2 and CRC JointCast for the remaining details. The results for CRC JointCast were
based on 100x200 mm cylinder tests, the other tests were based on 150x300 mm cylinders.
As the tests of the joint details were performed during 6 days, the properties for the materials were
determined for each of these 6 days. This was done by adopting the concept of linear curing, and
thus drawing a line between the measured averages of the cylinder tests undertaken before and
after the tests. The properties of the materials are shown in Table 1, and the results are given only
for the days the tests with the specific concrete were performed.
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The test values for the compressive strength, fc, of CRC JointCast were expected to be around
140MPa, but the test results showed a compressive strength between 80 and 90 MPa. This could
be attributed to the location of storage of the test specimens. Both the elements and the cylinders
were stored outdoors under plastic linings, and cold weather (some days under 10 degrees
Celsius) affected the curing time. Determination of properties for the cylinders was based on tests
taken both before, and after the testing of the joint details. Consequently the cylinders had a
curing time of 14 days and 26 days, respectively.
Similarly with the concrete, the mechanical properties of CRC JointCast will develop on account
of the chemical reactions between cement and water. The speed on which cement hydrates, and
subsequently develops higher strength, will be faster at higher temperatures. The deviation from
the expected values was larger with CRC JointCast than with the other types of concrete. [3]
The tensile strength, ft, of the concrete cylinders was determined as the splitting tensile strength.
Each cylinder was cut in half, and placed in the testing machine in the longitudinal direction. The
splitting tensile strength was determined. In table 1 the tensile strength is presented as 90% of the
splitting tensile strength. [4]
Table 1 – Properties used for calculations
Date
Concrete elements Concrete for
joint detail 1
fc
ft
fc
ft
MPa
MPa
MPa
MPa
08.11.09 42,5
3,04
33,6
2,60
09.11.09 42,9
3,07
10.11.09 43,3
3,10
11.11.09 43,7
3,13
12.11.09 44,1
3,16
13.11.09 44,5
3,19
2.3

Concrete for
joint detail 2
fc
ft
MPa
MPa
19,7
1,52
-

CRC JointCast
fc
MPa
80,5
83,4
86,2
89,0
91,8

ft
MPa
11,2
11,4
11,7
12,0
12,4

Results for shear loads

The main results from the test programme are shown in Table 2 and Table 3. Table 2 presents the
results for the joint details with indented surface, while Table 3 presents the results for the joint
details with rough surface. The estimated capacities shown in Table 2 and Table 3 were calculated
using the properties measured from the cylinder tests presented in Table 1.
The formula used for calculating the estimated shear force resistance, VRki, of the joint details is
shown below. This formula is taken from the European Standard [4], and is the conventional
calculation method for shear capacity at the interface between concrete cast at different times. The
cross-sectional area is included in the formula to give an estimate of the anticipated forces.
Due to the limited surface area of the indentations in the joint material, the height of the
indentations in the concrete element exceeds the stipulated 10*d, where d is the depth of the
indentation. The project objective however, is to study the effect of the indentations in the joint
material. These are within the specified 10*d, and the conventional formula was employed.
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VRki is given by:
VRki = c ∙ fctk ∙ Ai + fyk ∙ μ ∙ As ≤ 0,5 ∙ ν fck ∙ Ai

(1)

where:
fck
fctk
fyk
Ai
As
ν
c&μ

: characteristic compressive strength
: characteristic tensile strength, lower bound
: yield strength of reinforcement (550 MPa)
: cross-sectional area of the joint surface
: cross-sectional area of reinforcement
: strength reduction factor for concrete cracked in shear
: factors which depend on the roughness of the interface; for indented surface c =
0,50 and μ = 0,9; for rough surface c = 0,40 and μ = 0,7

The main results in Table 2 are shown for each of the different joint details with indented surface.
There was some variation in the achieved maximum test loads, but the shear resistance was higher
than expected for all joint details. In addition to the estimated resistances and the maximum test
load, two ratios are shown. Ratio 1 is the maximum test load divided by the highest value of the
estimated shear force resistance and the estimated joint resistance, respectively. Ratio 2 is the
maximum test load divided by the estimated resistance of the concrete element. During the testing
of joint detail 8, failure occurred in the precast element rather than in the joint detail. This is
indicated with marker #.
Table 2 – Results of joint details with indented surface subject to a shear force. # shows that
failure occurred in the precast element rather than the joint
Joint
Test
Est. shear Est. joint Est. resistance Test Maximum Ratio 1 Ratio 2
detail
date
force
resistance
of concrete
No.
test load
no.
resistance
element
kN
kN
kN
kN
1.1
142
1.46
0.53
1
08.11.09
163
97
269
1.2
151
1.56
0.56
1.3
140
1.44
0.52
2.1
138
2.15
0.51
2
08.11.09
157
64
269
2.2
146
2.28
0.54
2.3
154
2.41
0.57
3.1
331
1.69
1.22
3
09.11.09
209
196
270
3.2
399
2.03
1.48
3.3
351
1.79
1.30
4.1
344
1.76
1.27
4
09.11.09
209
196
270
4.2
343
1.75
1.27
4.3
306
1.56
1.13
5.1
339
1.67
1.25
5
10.11.09
210
203
271
5.2
301
1.48
1.11
5.3
311
1.53
1.15
8.1#
85#
1.31#
0.68#
8
12.11.09
65
216
125
8.2
133
2.05
1.06
8.3#
119#
1.83#
0.95#
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In Table 3 the main results are shown for each of the different joint details with rough surface. In
most cases the test specimens were not tested until failure. In these cases the testing was stopped
since the test load came close to the capacity of the hydraulic test machine. An asterix * indicates
that the specimen was not tested up to failure.
In all cases, the maximum test load was greater than the estimated resistance of the concrete
element. Along with the estimated resistances and the maximum test load, two ratios are shown.
Ratio 3 is the maximum test load divided by the estimated shear force resistance, while ratio 4 is
the maximum test load divided by the estimated resistance of the concrete element.
Table 3 – Results of joint details with rough surface subject to a shear force. * shows that the joint
detail was not tested to failure
Joint
Test
Est. shear
Est.
Test
Maximum
Ratio 3
Ratio 4
detail
date
force
resistance
No.
test load
no.
resistance. of concrete
element
kN
kN
kN
6.1*
455*
0.55*
1.50*
6
11.11.09
818
303
6.2*
462*
0.56*
1.52*
6.3*
452*
0.55*
1.49*
7.1
434
0.62
2.31
7
11.11.09
702
188
7.2
465
0.66
2.47
7.3*
475*
0.68*
2.53*
9.1*
464*
0.55*
1.51*
9
13.11.09
848
307
9.2*
458*
0.54*
1.49*
9.3*
457*
0.54*
1.49*
10.1*
460*
0.54*
1.50*
10
13.11.09
848
307
10.2*
468*
0.55*
1.52*
10.3*
464*
0.55*
1.51*
2.4

Results for displacements

During the tests, six displacement transducers measured the horizontal movement, two in the
longitudinal direction, and four in the transverse direction, with two on either side. Table 4
presents the results for the lengthwise movement. The two displacement transducers measuring
the longitudinal displacement were placed on either side of the hydraulic test machine.
Measurements were taken continuously while the loading was applied. The values in the table
below are the average between the two transducers at the yield load, thus displaying the
displacement through the centreline of the test specimen. An asterix * indicates that the joint
detail was not tested until failure. In these cases the values for displacement represents the
maximum test load.
The displacements in the transverse direction were also measured continuously during the testing.
There were only small displacements during the tests. The difference between the measurements
on either side of the test specimen illustrates how the crack width developed during the testing.
For joint detail 1 and 2 crack widths in the range of 1 millimetre were measured. For the joint
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details with CRC JointCast, crack widths were in the range of 2-3 millimetres before failure
occurred. The vertical displacements were monitored manually during testing, and the tendency of
all test specimens was that they were lifted approximately 1 mm during loading.
Table 4 – Results of displacement in the top of the elements at maximum test load. * shows that
the joint detail was not tested to failure
Joint detail no.
Test no.
Maximum test load
Displacement
kN
mm
1.1
142
6,5
1
1.2
151
9,2
1.3
140
6,3
2.1
138
4,3
2
2.2
146
6,0
2.3
154
6,3
3.1
331
9,0
3
3.2
399
11,1
3.3
351
8,0
4.1
344
9,4
4
4.2
343
11,9
4.3
306
8,2
5.1
339
11,5
5
5.2
301
11,8
5.3
311
10,0
6.1*
455*
11,6
6
6.2*
462*
10,3
6.3*
452*
13,2
7.1
434
10,0
7
7.2
465
11,2
7.3*
475*
11,0
8.1
85
10,1
8
8.2
133
4,4
8.3
119
9,3
9.1*
464*
12,1
9
9.2*
458*
12,5
9.3*
457*
11,6
10.1*
460*
11,4
10
10.2*
468*
12,8
10.3*
464*
11,7
2.5

Discussion

All test loads shown in Tables 2 and 3 present higher values than the resistances estimated
employing the actual properties from the cylinder tests. The details with indented surface, joint
detail 3, 4 and 5, show higher than double load bearing resistance of the two details with normal
concrete. This is obviously attributable to the application of CRC JointCast as joint material.
Between these three joint details there were only minor differences. This was expected as only the
details of the joint reinforcement were varied but not the interface properties of the joint.
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Modifying the reinforcement by removing the lock bar is likely to reduce the restraint efficiency,
thus weakening the total load bearing capacity of the joint.
Figures 5, 6 and 7 display the difference between the tests with joint details 2, 3 and 5,
respectively. The figures illustrate one problem with designing joints with CRC JointCast; the
ductility at yield load. Joint detail 2 (Figure 5) demonstrates a very ductile behaviour after failure,
indicated by the slowly descending slope in the post-peak behaviour. During testing of this joint
detail, appearance of cracks was observed by sounds, and visible cracks in the joint interface
appeared. The load-displacement curve indicates that the reinforcement in the joint contributes to
the ductile behaviour of the joint detail.
Joint details 3 and 5 (Figures 6 and 7) had a very high load bearing capacity, twice that of joint
detail 2. As a consequence, the test specimens exhibited a sudden failure with insufficient
structural ductility since there was not adequate reinforcement to carry the yield load. This is
reflected by the steep fall in the load-displacement curve after peak load. Test no. 3.1 and 3.3
demonstrates a slightly more ductile post-peak behaviour. This indicates that the reinforcement in
the joint to some extent contributes to the ductile behaviour after peak load. Test no. 3.2 however,
achieves a higher peak load but has a very steep fall in the load-displacement curve and
demonstrates no ductile post-peak behaviour.
160
140
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Force [kN]

100
Test no. 2.1

80

Test no. 2.2
60

Test no. 2.3

40
20
0
0

5

10

15

20

25

Displacement [mm]

Figure 5 – Load-displacement curve for joint detail 2, concrete compressive strength 19,7 MPa,
u-bar with lock bar, three indentations 90 x 40 mm
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Figure 6 – Load-displacement curve for joint detail 3, CRC JointCast, u-bar with lock bar, three
indentations 90 x 40 mm
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Figure 7 – Load-displacement curve for joint detail 5, CRC JointCast, straight reinforcement with
40 mm overlap, three indentations 90 x 40 mm
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Figure 8 – Typical failure in test specimens, joint detail 5, test no. 5.3, CRC JointCast, straight
reinforcement with 40 mm overlap, three indentations 90 x 40 mm

Figure 9 – Shear failure at indentation in joint detail 5, test no. 5.1, CRC JointCast, straight
reinforcement with 40 mm overlap, three indentations 90 x 40 mm
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Figure 10 – Failure in concrete element in joint detail 8, test no. 8.1, CRC JointCast, no
reinforcement, three indentations 90 x 40 mm
Figure 8 shows a typical failure pattern for the joint details 1 to 5. The crack appeared on one side,
and at the first indentation it crossed the joint and continued along the interface at the other side.
There were no indications as to why this pattern occurred. A possible cause could be the
additional torsional moment arising from the joint of relatively large width of 90 mm.
Observations during testing with joint details 6 and 9 showed that the wider joint resulted in more
cracks in the joint, even though none of them were tested until failure.
At peak load the failure at the indentations occurred as shear rupture. Figure 9 shows a typical
shear failure at one of the indentations. In the shear failure through the CRC JointCast and the 8
mm reinforcement bars the fibres in the joint matrix were pulled out, rather than cut over. As
noted previously, only minor displacements were observed in the transverse direction. The
reinforcement presented signs of some bending stress after failure, and it is probable that the
reinforcement acted as dowels in the joint material. After the cracks have appeared, the bars are
activated and the yielding of the bars thereby determines the resistance of the joint.
One of the series of tests, joint detail 8, was dedicated for investigating the joint details with no
reinforcement. Here, the capacity of the joint depended only on the three indentations. The tests
showed high load bearing capacities with respect to applying CRC JointCast in the details.
However, here the failure occurred in the concrete elements, because the indentations of CRC
JointCast were so strong that spalling in the element concrete appeared. Figure 10 shows this type
of failure. The lack of reinforcement resulted in almost no transverse restraint. At the same time
the indentations were quite narrow, and the concrete did not have capacity enough to resist the
stress.
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The joint details with rough interfaces all showed remarkable high load bearing capacities. Failure
could be produced in only two of the twelve tests. There is no explicit reason for this result. It is
proposed that in comparison to the indented interface, the rough interface should be provided
along the whole joint length. Furthermore the binder used in CRC JointCast is made out of a small
particle matrix, and will therefore adhere better to the rough surface than smooth. This also
applies to the details with reinforcement. Employment of such joint details may however
introduce problems associated with the limited ductility, and a further investigation into this area
is necessary.
3.

CONCLUSION

In tests of the project various joint details were loaded in shear paying attention to the varying
design of the detailing. The factors included are the type of construction surface, reinforcement
design and the concrete mix.
The laboratory tests showed that significantly higher load bearing capacities were achieved by
applying CRC JointCast in the joints. The application of CRC JointCast in construction joints
allows the utilization of the resistance of the joints capacity optimally. Hence, the structure can be
designed on account of the carrying capacity of the precast elements.
Further testing and analyses must be undertaken before implementing the rules, as there are
concerns on the lack of ductility. This can be solved by adding more reinforcement to the section.
Nevertheless, the results enable the development of new joint details in the construction industry,
utilising the high load bearing capacity, and/or easier constructions.
Results from the experiments indicate that joints with rough surface provide very high load
bearing capacity. Further investigations to identify all advantages are required, and the present
results encourage to further testing.
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ABSTRACT
A good sample preparation for steel ﬁber-reinforced mortar is very
important mainly for the quantiﬁcation of porosity and
microstructure in the interfacial transition zone (ITZ) using
backscattered electrons imaging analysis (BSE-IA). Due to the
ductile behaviour of steel ﬁber, artifact such as smearing or
imperfect cut at the edge of steel ﬁber could happen, and this
could aﬀect the microstructure examination in the ITZ between
steel ﬁber and matrix. Through trial, an improved grinding and
polishing procedure with short duration for obtaining steel ﬁberreinforced mortar specimen (water/cement (w/c) ratio of 0.3 and
0.5) with minimum artifact is found. Scanning electron
microscopy (SEM) settings for backscattered electrons image
acquisition and an image analysis technique for porosity and
microstructure quantiﬁcation are proposed. Countermeasures that
minimize artifacts during sample preparation are also discussed. It
is found that the neighbouring aggregates, depending on their
geometries and arrangements, can disturb the trend of the porosity
in the ITZ. Proﬁles of porosity and unhydrated cement in the ITZ
of steel ﬁber are presented.
Key words: Microstructure, Interfacial Transition Zone,
Backscattered Electrons Imaging, Secondary electron microscopy,
steel fibre-reinforced mortar
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1.

INTRODUCTION

Quantiﬁcation of porosity and microstructure features in cementitious materials using the
backscattered electron (BSE) imaging technique has widely been adopted [1, 2, 3]. For BSE-IA,
a good sample preparation that gives a ﬂat-polished surface with minimum artifact is essential as
topographical variations or severe artifacts can appear as features that overlap with the important
features on the greyscale histogram in the BSE image analysis. Therefore, misinterpretation of
features in image analysis could possibly happen.
For porosity study using BSE-IA, epoxy impregnation is an important step because pores that
are ﬁlled with epoxy will appear black in the BSE image, and this allows the segmentation of
porosity from the hydration products to be done easily. In addition, epoxy impregnation reduced
possible cement hydrate from washing out during polishing. Examining specimen in the
conventional scanning electron microscopy (SEM) with vacuum condition tends to introduce
microcracking on the specimen. The cracking of hardened cement paste caused by drying and
vacuum impregnation during preparation is another concern [4, 5, 6]. Solutions for that are
impregnating epoxy by ethanol replacement procedures to avoid vacuum impregnation as
proposed by Struble et al. [7] or examining specimen under environmental scanning electron
microscopy (ESEM) [8]. The formation of ITZ caused by the wall eﬀect is reported as a weak
region in mortar/concrete due to a signiﬁcant high porosity found in that region [9, 10].
Therefore, it is essential to have a good sample preparation to preserve the original features in
the ITZ without losing any information.
Mortar is a multiphase material with diﬀerent hardness and elastic modulus of each phase [11,
12]. Incorporation of steel ﬁber into mortar means that an additional phase is added into it and
steel ﬁber has high ductility and diﬀerent hardness compared to cement paste [13, 14]. Thus,
this makes the grinding and polishing for steel ﬁber-reinforced mortar specimen become
relatively more tedious. Methods such as electrical discharge machining (EDM) and grinding
technique for steel reinforcing bar [15] are not suitable for steel ﬁber-reinforced mortar
specimen due to the random arrangement of steel ﬁbers during mixing and also the sizes of steel
ﬁbers are on the milli-scale. Furthermore, most of the literature on sample preparation is for
cementitious materials without the incorporation of steel ﬁbers and the detailed procedure is not
clearly mentioned [7, 16].
In this paper, a detailed and improved grinding and polishing procedure with short duration for
steel ﬁber reinforced mortar specimens, SEM settings for image acquisition and an image
analysis technique are presented. The porosity and microstructure in the ITZ between steel ﬁber
and matrix for w/c 0.3 and 0.5 mortars was quantiﬁed.
2.

EXPERIMENTAL PROCEDURE

2.1

Materials

Two steel ﬁber-reinforced mortars with w/c 0.3 and 0.5, with 0.3 vol % straight high carbon
steel ﬁbers from ref. [14] were used. They were cast into 40x40x160 mm moulds, covered with
plastic bag straight after casting, demoulded after 24 hours and cured in water at 20 °C for 28
days. The materials used in the mix proportion were Norcem Anlegg cement (an Ordinary
Portland cement in Norway), water, limestone ﬁller, a polycarboxylate polymers
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superplasticizer (Glenium 151), sand 0-2 mm, sand 0-4 mm and steel ﬁber with the ratio
1.00:0.30:0.09:0.02:0.45:2.58:0.04 for w/c 0.3; 1.00:0.50:0.11:0.01:0.60:3.40:0.06 for w/c 0.5,
measured in kg/m3, assuming 2 vol% air void and fraction of matrix (all materials with particles’
sizes < 0.125 mm) = 41% by volume. The length and diameter of the steel ﬁber was 13 mm and
0.16 mm respectively.
2.2

Initial preparation and grinding

After 28 days, small cubes were cut from the mortars and cleaned from any contamination and
dried at 20 °C and 50% RH before epoxy mounting to enhance the adhesion between the resin
and the cubes. Depending on research interest, small cubes can be cut from either the center,
top, bottom or the side of concrete using a low-speed diamond saw with water as lubricant. For
grinding and polishing, a specimen holder of 160 mm diameter with six mounts of 25 mm
diameter was used. The dimension of the cube was determined in such a way that the cube
surface area was around 50% of the mount area [17]. In our study, the cube dimension was
around 16x16x16 mm, which formed a surface area of around 52% of the mount area. A Struers
TegraPol-31 grinding and polishing machine with adjustable rotational speed and polishing
pressure was used.
The surface of the cube was examined and any protruding steel ﬁber from the surface was cut.
For easy handling and perfect edge retention during grinding and polishing, the cube was coldmounted into epoxy resin. The examined surface of the cube was put face down in a 25 mm
diameter mounting cup. Araldite Standard Epoxy resin with bas and hardener in ratio 1:1 were
blended well and then poured into the mounting cup. The cube with epoxy in the mounting cup
was clamped at the edge of a table to prevent a massive amount of epoxy from ﬂowing
underneath the cube. The epoxy was cured at 20 °C for at least 24 hours before the specimen
was removed from the mounting cup.
A preliminary grinding and polishing force and duration can be worked out from the Metalog
User’s Guide [17] by looking into the hardness and ductility of the specimen and the number of
specimens ground or polished at a time. Since steel ﬁber reinforced mortar is a composite
material and the specimen made in the study consisted of about 60% aggregates, therefore, the
hardness of aggregate was used as a reference for the preliminary selection of grinding and
polishing force and duration. It is necessary to perform a trial on the preliminary selection of
force and duration on a specimen prepared for the ﬁrst time.
To ensure a plane surface on the SEM holder, the base of the specimen was dry ground by hand
for a few minutes on a Struers Silicon Carbide MD-Piano 600 that gave a 30 µm ﬁnal surface
ﬂatness. The examined surface was ground using Struers Silicon Carbide MD-Piano 220 (68
µm), MD-Piano 600 (30 µm), MD-Piano 1200 (14 µm) and MD-Largo (9 µm) at 150 rpm, see
Table 1 for lubricant/abrasive, force and duration used. Fig. 1 shows the surface image of a new
epoxy-mounted specimen in a reﬂected light microscope at x10 x10 magniﬁcation. The image
revealed a layer of epoxy on the polished surface that was very diﬃcult to be noticed by naked
eyes. Therefore, it is advisable to grind the surface on MD-Piano 200 for a few times to get rid
of the epoxy layer and to achieve the entire surface ﬂatness of 68 µm before proceeding to next
step. The specimen was cleaned ultrasonically in water for about 2 minutes to remove grit and
debris, and then it was examined in a reﬂected light microscope to spot any artifact due to the
previous grinding.
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Sample preparation for cementitious materials without steel ﬁber was normally ground down to
14 µm diamond grit before epoxy impregnation [16]. For steel ﬁber-reinforced mortar,
specimens were ground with diamond grit down to 9 µm, and if necessary, with grit smaller than
9 µm. Fig. 2 shows that for the specimen with ﬁnal grinding at 9 µm, steel ﬁbers have ﬁne
circumferences for epoxy impregnation, however, with grit larger than 9 µm, an imperfect cut
was seen on the edges of the steel ﬁbers, and this will aﬀect the study of porosity and
microstructure in the ITZ very close to steel ﬁbers. We therefore recommended grit ≤ 9 µm for
ﬁnal grinding.
Table 1 – Grinding discs, polishing cloths, lubricant/abrasive, force and duration in our study.
1) MD-Grinding Disc

Lubricant/Abrasive

Force (N)

Duration (min)

MD-Piano 220 (68 µm diamond)

Water

20

2

MD-Piano 600 (30 µm diamond)

Water

20

2

MD-Piano 1200 (14 µm diamond)

Water

20

2

MD-Largo

Ethanol/9 µm diamond grit suspensions

15

2

MD-Plan

Blue Ethanol /6 µm diamond grit spray

10

2

MD-Dur

Ethanol /3 µm diamond grit suspensions

10

2

MD-Dac

Ethanol /1 µm diamond grit suspensions

10

2

MD-Nap

Blue Ethanol / ¼µm diamond grit spray

10

1

2) MD-Polishing Cloths

Figure 1 – The surface texture of a specimen after epoxy mounting in the reﬂected light
microscope at x10 x10 magniﬁcation.
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Figure 2 – The surface texture of steel ﬁber reinforced mortar specimen taken under the
reflected light microscope at x10 x10 magniﬁcation after the grinding of (a) MD-Piano 220 (68
µm), (b) MD-Piano 600 (30 µm), (c) MD-Piano 1200 (14 µm), and (d) MD-Largo (9 µm).
2.3

Epoxy vacuum impregnation

Before epoxy vacuum impregnation, the specimens were dried in a ventilated oven at 30 °C for
2 days. Drying and vacuum impregnation have a signiﬁcant risk for introducing cracking of
hardened cement paste, but was chosen as cracking is not part of this study. The thickness of the
specimen before and after epoxy impregnation was measured using a high-precision caliper to
control the amount of the excessive epoxy that should be removed from the specimen surface
before polishing.
The low-viscosity Epo-tek epoxy 301 and Epo-tek hardener in ratio 4:1 were mixed well in a
small bottle. The entrapped air in the mixed epoxy was sucked out by putting the bottle in a
vacuum chamber prior to impregnation. The specimen with its face-up surface and the bottle
with epoxy were put in the vacuum chamber pumped down to 40 mbar. The bottle was clamped
and could be rotated freely using a handle outside the vacuum chamber. The epoxy was poured
slowly onto the top of the specimen to fully cover the whole surface. The epoxy was set for
about 10 minutes in the vacuum chamber before air was let gradually in to push it down into the
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specimen. To achieve full bond strength, the epoxy was then cured in a temperature chamber at
atmospheric pressure at 40 °C for at least 24 hours.
The excessive epoxy was removed using a diamond surface grinding wheel until about 20 µm
thick of epoxy remains on the top of the specimen. The specimen was then hand ground with
MD-piano 600 and 1200, at low rotation speed 150 rpm with water as lubricant, until its
thickness became about the same as the thickness measured before epoxy impregnation. The
specimen was cleaned ultrasonically in ethanol for around 2 minutes after each grinding to
remove the grit and debris.
Extra care not to grind beyond the epoxy intrusion depth on low w/c specimen needs to be
taken, as a low w/c or high performance concrete, has a low permeability, and thus the epoxy
intrusion depth is shallow. For specimens ground below the epoxy intrusion depth, the cavities
unsaturated with epoxy when examined in the reﬂected light microscope will appear darker
gray, see Fig. 2 in ref. [16]. Kjellsen et al. [16] showed that for specimens dried at 40 °C and
next at pumped-down pressure of 30 mbar, the epoxy intrusion depth for w/b 0.4 without silica
fume (sf) was ~120 µm, with sf was ~100 µm, while for w/b 0.25 without sf was ~70 µm, with
sf was ~40 µm.
2.3

Final polishing

MD-Largo (9 µm), MD-Plan (6 µm), MD-Dur (3 µm), MD-Dac (1 µm) and MD-Nap (1/4 µm)
were used for ﬁnal polishing at the low rotation speed of 150rpm, see Table 1 for
lubricant/abrasive, force and duration used. The same consideration of polishing the surface
more than twice, if necessary, was applied to the specimen after epoxy vacuum impregnation,
see Fig. 3, in order to remove the epoxy on the entire surface before proceeding to the next step.
After each polishing, the specimen was cleaned ultrasonically in ethanol for around 2 minutes to
remove the grit and debris, and the polished surface was examined in a reﬂected light
microscope for any artifact incurred or polished below the epoxy intrusion depth.

Figure 3 – Images taken at x10 x2.5 magniﬁcation in a reﬂected light microscope. (a)
Aggregates appear homogenous in colour after epoxy impregnation and hand grinding. This
indicates that a thin layer of epoxy still on the polished surface. (b) Aggregates appear
inhomogeneous in colour after 9µm polishing indicates that the thin layer of epoxy has been
completely removed.
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Figure 4 – Images taken at x10 x2.5 magniﬁcation in a reﬂected light microscope. (a) Scratches
after 1 µm diamond grit polishing. (b) Scratches and contamination after 9 µm diamond grit
polishing (c) Edge rounding on the left side of image.
A bright homogeneous ﬁeld of view, see Fig. 1 in ref. [16], will be seen if no artifact presents on
the polished surface. Countermeasures in section 5.1 or in the Metalog User’s Guide [17] should
be taken immediately before proceeding to the next polishing if artifacts were spot. From
experience, the operator’s persistence and patience is highly important to obtain a polished
surface with minimum artifact.
3

SECONDARY ELECTRON MICROSCOPY AND FEATURE SEGMENTATION

For image acquisition using SEM, the polished surfaces of the specimens were sputter coated
with a layer of carbon using the Cressington 208Carbon High Vacuum Turbo Carbon Coater.
The body of the specimen not coated with carbon was wrapped with a strip of aluminium foil so
that a complete conducting path of electrons was ensured when scanned by the electron beam,
avoiding distorted images.
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After coating, specimens should be kept in an air-tight container to prevent any dust resting on
the polished surface. Fig. 5 shows that an identiﬁed particle resting on the steel ﬁber surface in
secondary election (SE) image, however, appears as a topographic diﬀerence in backscattered
electron (BSE) image.

Figure 5 – An identiﬁed particle on the steel ﬁber in the SE image (a) but appears as a
topographic diﬀerence in BSE image (b).
A Hitachi S-3400N LV-SEM equipped with Oxford INCA software was used. The microscope
was operated at an accelerating voltage of 5 kV with working distance about 8 mm. The
focusing and astigmatism corrections of images were carried out in the SE detector ﬁrst. When a
sharp image was obtained, it was changed to the BSE detector for image acquisition. The BSE
COMP mode with black for 0 and white for 255 on the greyscale was chosen as it allows the
exploitation of image compositions according to their atomic number contrasts. The BSE
images were taken at a magniﬁcation of 500x in low vacuum. Each image was digitized at
2560x1920 pixels with a resolution of 0.1 µm/pixel.
The Oxford INCA Feature was used to assist the setting of the limit of the brightness and
contrast required for taking BSE images. First, the contrast was turned to zero and the brightness
was adjusted until its intensity lined up on 0 in greyscale shown on the Oxford INCA Feature.
After that, the contrast was varied slowly until the histograms spread throughout the greyscale,
but not beyond the upper limit of the greyscale.
It was essential to know the constituents of the specimen studied so that segmentation of
features could be performed on OXFORD INCA Feature to see how well the histogram was
spread throughout the greyscale, see Fig. 6. The right peak on the histogram referred to the steel
ﬁber. In our study, since the phase of the steel ﬁber was not important in the ITZ image analysis,
it was made to disappear at the upper limit of the greyscale without losing any necessary phases
of the features wanted by slightly increasing the contrast.
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Figure 6 – Segmentation of features is done by setting individual grey threshold on the
histogram on OXFORD INCA Features. (a) porosity, (b) hydration products, (c) aggregates +
calcium silicate hydrate, (d) unhydrated cement grains, and (e) steel fiber.
For performing segmentation of features in the image analysis, ﬁrstly, 10-µm wide strips were
cut successively from the image starting at the edge of the steel ﬁber using the magnetic lasso
tool in Adobe Photoshop software, see Fig. 7. All strip images were saved at 2560x1920 pixels,
8 bit greyscale mode and in jpg format. The number of strips cut successively from the edge of
steel ﬁber depends on the individual interest. The maximum thickness of ITZ in concrete has
been claimed to range from 15 µm up to 50 µm[18, 19], depending on the age and the amount of
binder used in the mix proportion.
The ITZ strips were then analyzed using analySIS ®. Segmentation of features was performed on
the images by deﬁning a range of grey value for each feature. The individual feature was then
measured in area fraction. The grey-value ranges of features obtained from the ﬁrst-strip
analysis were applied to the rest of the strips cut from the same image. In this stage, only
segmentation of features was performed. No eﬀort was made to enhance the contrast of the
image taken.
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Figure 7 – 10-µm wide strips were cut successively from the edge of steel ﬁber in Adobe
Photoshop software.
4

DISCUSSION

4.1

Sample preparation

In our study, small cubes were selected from the central portion of 40x40x160 mm prism. A
grinding trial on a new steel ﬁber reinforced mortar specimen was performed using a series of
SiC papers and MD-grinding discs. It was found that for SiC paper the polished surface was
convex, while for MD-grinding discs the polished surface was ﬂat when examined under a strait
edge.
For porosity quantiﬁcation on cementitious materials, epoxy impregnation is necessary as epoxy
with its low atomic number, Z=6 (contains mainly carbon), appears as black in backscattered
electrons image, and thus separating pores from other phases. In addition, pores ﬁlled with
epoxy minimizes incidents damaging the surface such as washing out of cement hydrates during
wet polishing, cement grains plucking out from the surrounding of the pores and steel ﬁber pullout during sample preparation.
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From experience, we discovered that although epoxy impregnation helped to stabilize the
microstructure and porous structure, certain countermeasures as below should be taken during
sample preparation to prevent artifacts such as scratches, edge retention, relief and
contamination. 1) Grinding or polishing specimens for more than 3 minutes should be avoided
as debris and grit may accumulate on the discs or cloths and scratch the polished surface.
Furthermore, keeping polishing time short reduced relief and thermal damage on the polished
surface 2) Proper concentration of lubricant and diamond grit should be ensured during
polishing. Scratches were commonly seen when too little lubricant was present in the
concentration, see Fig. 3(b) and Fig. 4(a) and (b). It is advisable to shake the bottle well before
polishing. 3) Ethanol is used as lubricant for polishing and also for cleaning specimens after
each stage to avoid dissolving calcium hydroxide (CH). However, epoxy is soluble in ethanol
[20]. Ultrasonically treatment of specimens too long in ethanol or too much polishing on the
same specimen in a day tends to soften the mounting epoxy. 4) Grinding discs and polishing
cloths should be washed properly after use. Otherwise, contamination can be seen on the
polished surface, see Fig. 4(b). Although contamination can be removed easily at the next
polishing step, extra work is needed to ensure that it does not influence the following surface
ﬂatness.
Final polishing of the specimens was done with ¼ µm diamond grit so that topographic
diﬀerence less than 1 µm could be achieved. With all these countermeasures or improvements,
the risk of removing microstructure close to the interface of steel ﬁber was reduced during
polishing. Microcracking seen along some part of the steel ﬁber’s circumference, see Fig. 8, is
most probably due to the drying causing diﬀerential volume change between paste and ﬁber, as
reported by other researchers [8].

Figure 8 – A microcrack along some part of the steel ﬁber was observed at the lower half (a)
and at the upper half (b) of steel ﬁber.
4.2

Image acquisition

Wong et al. [21] analyzed an image by removing aggregates from the image, revealing that for
w/c 0.7 the histogram consisted of four distinct peaks that were pores, hydration products (HP),
calcium hydroxide (CH) and unhydrated cement grains (UH), while for w/c 0.35 the histogram
consisted of one large peak that was possibly made up of HP and CH, and one small peak from
UH, however, no peak on porosity. In general, pores with epoxy appear as the darkest
constituent, HP the slightly darker constituent, UH the lightest constituent on the histogram. The
HP such as calcium-silicate-hydrate (C-S-H), calcium hydroxide (CH), ettringite and
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monosulphate tend to merge under a single broad peak since their contrasts are too close to
distinguished.
Aggregates rich in silica have similar grey threshold as C-S-H [2]. Aggregates rich in calcium
have similar grey threshold as most of the HP [3]. Depending on their atomic numbers, spots
that appear as the lightest constituent may overlap with the grey levels of unhydrated cement
grains; whereas spots that appear as the slightly darkest constituent may overlap with the HP.
Therefore, the presence of aggregates in image acquisition/image analysis will increase either
the frequency of apparent C-S-H or apparent C-H on the histogram, depending on which mineral
aggregates are rich in, see Fig. 9(a) for w/c 0.3 and Fig. 9(b) for w/c 0.5. In addition, for
specimens with w/c 0.5 the porosity appears broad with frequency higher than that of w/c 0.3.
UH is hardly seen on the histogram for w/c 0.5 when compared to w/c 0.3.

Figure 9 – Histograms for (a) w/c 0.3 and (b) w/c 0.5, with aggregates present in the image.
A high resolution BSE image is a prerequisite for segmentation of features in image analysis. To
obtain a good resolution BSE image, SEM settings such as accelerating voltage, probe current,
aperture, working distance, brightness and contrast, focus and astigmatism control, BSE gain
and scan speed are in fact related to each other. At low acceleration voltage (≤ 5 kV), the beam
interacts with the region very close to the surface of the specimen. Therefore, the image detected
carries information mainly on surface details. At high acceleration voltage (15-30 kV), the beam
penetrates and interacts with microstructure deep into the surface of specimen. In this case, the
emerging electrons carry mostly information about the interior of the specimen [22]. Since the
boundaries between the constituents of cementitious materials are diﬀuse, the increase of
accelerating voltage makes the image more blurred.
The adjustment of the brightness and contrast in SEM determines corresponding peaks on the
histogram. Head et al. [21] ensured that the histogram did not spread beyond both ends of the
greyscale by adjusting the brightness and contrast such that no pixel count was recorded on
greyscale 0-10 and 245-255 during image acquisition. In our study, the reason to turn the
contrast to zero when setting the brightness was to ensure that the required brightness intensity
was set. At too high or too low brightness with unproper contrast setting, some features merged
together and appeared as a broad peak on the histogram or information lost at both ends of
greyscale commonly occurred. Fig. 6 and Fig. 10 show BSE images taken at the same ﬁeld of a
specimen, but with diﬀerent brightness and contrast setting. Fig. 10 illustrated the loss of
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information and feature merging when brightness and contrast were not properly set during
image acquisition.

Figure 10 – A histogram for the field same as that in Figure 6, but with brightness and contrast
not adjusted properly. Features merged under a broad peak and information lost at both ends of
the greyscale of the histogram.
Mouret et al. [23] studied the inﬂuence of the magniﬁcation on the evaluation of the area
fraction of the unhydrated cement grains and concluded that magniﬁcation between 200x to
1000x did not give any signiﬁcant diﬀerence in their mean values. Scrivener et al. [24] found
that a magniﬁcation of 400x for a cement paste analysis of ten ﬁelds gave a standard deviation
of ~0.6%. Therefore, a magniﬁcation of 500x was used in our study and it allows also half of the
diameter of steel ﬁber being taken for ITZ study.
4.3

Image analysis

The size of an image pixel and how accurately the features are segmented on the greyscale
generally determine the image quantitative data of the features in a specimen. The brightness of
a pixel is an average of all phases present in the pixel. If the brightness of two or more phases is
close to each other, averaging the phases’ brightness tends to broaden the peaks on the
histogram. If the brightness of phases in a pixel is far from each other, the averaging gives
wrong grey value of the pixel. Therefore the smaller the pixel size, the more accurate the
histogram is obtained. With 0.1 µm/pixel used in our study, some fraction of ﬁne capillary pores
ranging from 0.2 µm to 2.6 nm proposed by Igarashi et al. [25] and gel pores on the nanometer
mainly found in the hydrated products as Powers-Brownyard proposed [26] are impossible to be
detected as individual pore in the image analysis.
For segmentation of pores on the histogram, the lower threshold level can easily be set to zero.
However, it has always been a problem to set the upper threshold level because the boundary
between C-S-H and large or capillary porosity is diﬀuse. In addition, there was no distinct peak
on the porosity threshold for low w/c as already discussed. Therefore, segmentation of pores on
histogram could be done mainly by individual judgment. Scrivener et al. [24] found that the
threshold value at the intersection between the tangent of the lower portion of the hydration
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products (HP) and the initial tangent on the histogram gave a result that matched the manual
threshold value for low w/c. Head et al. [3] selected a threshold value of 42 to identify the
porosity content from other phases in the image for w/c 0.3. Yang et al. [2] developed an
algorithm to segment aggregates from the cement paste, then, the porosity and unhydrated
cement grains can be measured eﬀectively. Wong et al. [21], for w/c 0.7, where a clear pore
peak appeared on the histogram, simply used the threshold value at the minimum frequency
between the pore peak and the HP peak as the upper threshold level for pore segmentation.
In our study, manual threshold and visual checking was adopted to set the upper threshold level
of porosity. In the Oxford INCA Feature, when a threshold is set on the histogram, areas in the
image that corresponds to the threshold will be painted with a color. By adjusting the threshold
and visual check on the coloured area, the upper threshold level of the porosity was determined.
The threshold value was then used in analySIS® for pores segmentation.
4.4

Interfacial transition zone

Fig. 12 shows the area % of porosity and unhydrated cement versus the distance from the steel
ﬁber’s interface measured from the corresponding BSE images of w/c 0.3 and 0.5 in Fig. 11
using the method proposed in this paper.
From Fig. 12(a), it was observed that the porosity showed a higher value close to the edge of the
steel ﬁbers, and then reduced and reached a constant value with the distance far away from the
edge for both w/c. However, w/c 0.5 showed a higher area % of porosity than w/c 0.3 for the
distance of 10µm from the edge of the steel ﬁber. This indicated that w/c 0.5 was more porous
than w/c 0.3. It was also observed that the presence of the neighbouring aggregates within the
ITZ on the BSE image of w/c 0.5 disturbed the trend of the curve of the porosity. Depending on
the geometry and arrangement of the aggregate, it had a possibility of increasing/decreasing the
porosity in the ITZ. For w/c 0.3, without the presence of the aggregate in the ITZ, the curve of
the porosity decreased and reached a plateau at the matrix. Comparing the BSE images of w/c
0.3 and w/c 0.5, see Fig. 11, the ITZ and the matrix of w/c 0.3 were packed more compact with
hydration products and unhydrated cement grains, and had less porous areas. In line with what
was expected in ref. [26] and the fact that w/c 0.3 has higher compressive strength than w/c 0.5.
For unhydrated cement, w/c 0.5 shows a low and constant value of unhydrated cement, while
w/c 0.3 shows an increase with the distance away from the edge of the steel ﬁber, see Fig. 12(b).
High area % of unhydrated cement in w/c 0.3 compared to w/c 0.5 indicated not enough water to
complete the hydration. A low area % of unhydrated cement found near the surface of the steel
ﬁber for the specimen of w/c 0.3 was mainly caused by a locally high w/c formed near the
surface of the steel ﬁber due to the wall eﬀect. For w/c 0.5, we believe that a locally high w/c
formed at the steel ﬁber’s surface compared to the matrix. However, due to the high water
content in w/c 0.5, almost all the cement grains were hydrated, and thus a low and constant area
% of unhydrated cement was observed both in the ITZ and matrix.
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Figure 11 – BSE images of (a) w/c 0.3 and (b) w/c 0.5, and their corresponding area percent of
porosity and unhydrated cement as distance from the steel fiber’s interface was plotted in
Figure 12.

Figure 12 – Area percent of (a) porosity and (b) unhydrated cement vs distance from the steel
fiber’s interface for w/c 0.3 and 0.5.
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CONCLUSIONS

For steel ﬁber-reinforced mortar specimen, MD-grinding discs and polishing cloths were found
to improve the specimen surface ﬂatness compared to SiC paper. Although epoxy impregnation
helped to reduce microstructure pluck out and steel ﬁber pull-out, certain countermeasures
needed to be taken during sample preparation to prevent artifacts such as edge rounding,
scratches and contamination that are commonly encountered in cementitious materials.
It is essential to adjust the brightness and contrast properly in SEM so that important features do
not disappear at the both ends of the greyscale during image acquisition. Any eﬀorts to enhance
the brightness and contrast of the image during image analysis were in vain.
The porosity and the unhydrated cement at the steel ﬁber’s interface showed the same trend as
function of distance as that from the aggregate’s interface. The neighbouring aggregates,
depending on their geometries and arrangements, had a tendency of disturbing the trend of the
porosity in the ITZ. From the observation and analysis on BSE images, cement grains in the
specimen with w/c 0.5 underwent more complete hydration both in the ITZ and matrix than that
in w/c 0.3.
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ABSTRACT
Mortars with water and binder ratio (w/b) 0.3 and 0.5, with and
without 10% silica fume by cement weight and with 0, 0.3 and 1
vol% steel ﬁbers were made to study the eﬀect of silica fume and
steel fiber on rheological and mechanical properties. Slump, yield
stress and plastic viscosity of fresh mortars were measured. Threepoint bending and compressive tests were performed on the
mortars after 28-day curing. It was found that silica fume
improved the cohesiveness of fresh mortars, increased the
compressive strength but showed no obvious eﬀect on the bending
strength for both w/b either with or without 0.3 vol% steel ﬁber.
The inclusion of 0.3 vol% steel ﬁber greatly aﬀected the
workability of fresh mortars with w/b 0.3 without silica fume
compared to that with silica fume, and gave no eﬀect on mortars
with w/b 0.5. 10% silica fume and 0.3 vol% steel ﬁber increased
the air-void content slightly. However, plots of strength as
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function of air void content over a small range did not show that
air void gave a general reduction of strength.
Key words: mortar, silica fume, steel ﬁber, rheological,
mechanical properties, air-void content.
1.

INTRODUCTION

Mortar has gradually become an interesting research as it forms the major component of
concrete and can be used as repairing material to ﬁll up the opening crack in the concrete. Its
mechanical properties can greatly be improved with the use of ﬁbers [1]. As a repairing material,
it is important that the mortar has ﬂowable behaviour. Although ﬁbers reinforce the mortars by
improving the ductility, arresting and preventing cracks from propagation, the inclusion of
diﬀerent types or vol% of ﬁbers can greatly aﬀect the workability of fresh mortars [2]. In
addition, it is relatively diﬃcult in designing steel ﬁber-reinforced mortar that has both high
ﬂuidity and good cohesiveness.
The European guidelines for self-compacting concrete [3], which was lately established as a
basic guideline for mix design and test methods to quantify the properties of self-compacting
concrete such as ﬂowability, plastic viscosity, passing ability and segregation resistance, and
other mix design methods proposed by diﬀerent authors [2, 4] can be used as references in
designing a mortar with high ﬂuidity and cohesiveness. It is reported that for a concrete to be
considered as self-compacting, the slump ﬂow must be between 550 and 850mm [3]. Normally
self-compacting concrete has less content of coarse aggregate (maximum size between 10 to 40
mm, depending on the project interest) compared to normal concrete, typically around 31-40%
by volume [5]. Okamura et al. [6] proposed a rational mix-design method for self-compacting
concrete with coarse aggregate (maximum size 40 mm) content ﬁxed at around 50 percent of the
solid volume, and for self-compacting mortar with the ﬁne aggregate content ﬁxed at around
40% of mortar volume. According to the EFNARC guidelines [3], the amount of coarse
aggregate (maximum size between 12 and 20 mm) by mass should be around 750-1000 kg/m3
with 48-55% ﬁne aggregate (sand) of total aggregate weight, and the sizes of aggregate particles
smaller than 0.125 mm are considered as powder with the typical range of powder content 380600 kg/m3 in the mix design of self-compacting concrete. According to the particle-matrix
method for a concrete having a high ﬂuidity, the volume fraction of matrix, which is the volume
of all particles less than 0.125 mm as well as liquid, should be more than 330 liter m -3 somehow
depending on the w/b of concrete [7, 8].
Rheometrical methods are said to provide better workability data in terms of yield stress and
plastic viscosity [9], although the rheometers are bulky, expensive and only available in a few
research laboratories. The yield stress and plastic viscosity for mortar varied with temperature,
time after mixing and the type of rheometer [10,11]. Therefore, for the purpose of comparison it
is essential to carry out the rheological tests of all mixtures in one batch under the same
condition. Nielson and Wallevik [12] proposed a self-compacting concrete zone with yield stress
from 0 to 60 Pa and plastic viscosity from 20 to 120 Pas using the BML-viscometer: for selfcompacting concrete having plastic viscosity below some 40 Pas, the yield stress should have
signiﬁcant value; for self-compacting concrete having plastic viscosity between 70 and 120 Pas,
the yield value has to be close to or zero.
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In general, the w/b, the amount of superplasticizer and the ﬁne powders are the main factors that
greatly inﬂuence the workability and strength of concrete or mortar. The use of ﬁne powders and
mineral ﬁllers such as limestone powder, ﬂy ash, silica fume, metakaolin and ground granulated
blast furnace slag by replacing some part of cement, as well as viscosity-modifying admixture
(VMA) can increase the resistance to segregation, reduce the cost of production and heat
generation during cement hydration [13–17]. Superplasticizer is normally used along with ﬁne
powders to ensure that the workability of concrete remains the same as that without the
incorporation of ﬁne powders [18]. Although the use of superplasticizer reduces the demand of
water, diﬀerent concentration or diﬀerent types of superplasticizer can aﬀect the rheological
properties [19] and the air-void content [20] of concrete greatly. It was reported that
polyacrylate grafted with polymer (PA) superplasticizer used together with silica fume
decreased the plastic viscosity, while sodium naphthalene sulphonate-formaldehyde condensate
(SNF) superplasticizer used together with silica fume increased the plastic viscosity [19]. In
addition, superplaticizer lengthened the setting period of mortar and the ﬂow of mortar increased
with the dosage of superplasticizer [21].
The excel-worksheet based proportioning tool, which adopts the particle-matrix method, is
viewed as a faster way in designing the concrete mix proportion, and has widely been used in
our laboratory for designing normal or self-compacting concretes. In this study, the
proportioning tool was adopted to design four diﬀerent types of high ﬂuidity mortars, which
were w/b 0.3 and 0.5 with 0, 10 percent silica fume, that could be used as a repairing material.
Since it was the ﬁrst time that the proportioning tool was used in designing a high ﬂuidity
mortar, a series of testings on mortar by adjusting the matrix volume, the vol% of limestone
powder, ﬁne aggregates with sizes less than 0.125 mm and superplasticizer were carried out. In
the proportioning tool, the included vol% of steel ﬁbers replaced the removed vol% of
aggregate. Therefore, it was expected that the workability of fresh mortar with and without steel
ﬁber at the same w/b should remain unchanged. 0.3 and 1 vol% of steel ﬁbers were included into
the fresh mortars at two diﬀerent w/b. The slump and the rheological tests were performed to
study the eﬀect of silica fume and steel ﬁber on the workability of fresh mortars. On top of that,
the mix design, the density, the eﬀect of silica fume and steel ﬁber on mechanical properties,
and the eﬀect of air-void content on strength were also studied.
2.

Experiments

2.1

Materials and mix procedures

Mortars with w/b 0.3 and 0.5 with and without silica fume 10% by cement weight were made
with the mix proportions shown in Table 1, using the excel-worksheet based proportioning tool
[7]. The materials used were Anlegg cement (an ordinary Portland cement commercially
available in Norway), silica fume, limestone powder, sand 0-4 mm and sand 0-2 mm with their
sieve analyses and ﬁneness moduli shown in Table 2, polycarboxylate polymer super-plasticizer
with 15% solid content and straight high carbon steel ﬁbers (length 13 mm and diameter 0.16
mm, aspect ratio = 81, tensile strength = 2000 Nmm2, Bekaert OL13/.16, see Fig. 1). The
chemical compositions of the cement, silica fume and limestone powder are listed in Table 3. 0,
0.3 and 1 vol% of steel ﬁber were incorporated into the mortars. It made up all together four
groups: A with w/b 0.3 and 0% silica fume (Mix 1, Mix 2 and Mix 3), B with w/b 0.3 and 10%
silica fume (Mix 4 and Mix 5), C with w/b 0.5 and 0% silica fume (Mix 6 and Mix7) and D with
w/b 0.5 and 10% silica fume (Mix 8 and Mix 9). All mixes had 41 vol% matrix (all liquids and
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powders < 0.125 mm) excluding air voids.
The following procedures were used to mix the mortars with a total mixing time of 11 minutes:
1) Sands, cement, limestone powder and silica fume were added into a 10-litre ﬂat-bottomed
mixer with a counter current paddle and blended for 1 minute at low speed. 2) With the mixer
running, water and superplasticizer were added simultaneously and slowly into the mixture in
duration of around 30 seconds and then followed by steel ﬁbers. The mixer was stopped after 4minute mixing. 3) The mixture was left to set for 5 minutes and any powder that stuck on the
wall of the mixer was spaded down into the mixture. 4) The mixture was then blended for
another 1 minute.
The density, air void, slump tests, rheological tests and casting fresh mortars into steel moulds
were performed straight after the mixing.

Figure 1 – Bekaert OL13/.16 Straight high carbon steel fibers.
Table 1 – Mix proportions of plain and steel ﬁber-reinforced mortars with w/b 0.3 and 0.5 using
an excel-worksheet based proportioning tool [7].
Water/binder = 0.3
A
Materials
Cement (kg/m3)
Silica fume (kg/m3)
Silica fume
(% by cement weight)

Water/binder = 0.5
B

C

D

Mix 1

Mix 2

Mix 3

Mix 4

Mix 5

Mix 6

Mix 7

Mix 8

Mix 9

542.5

543.0

543.9

483.4

483.8

411.2

411.5

367.9

368.2

-

-

-

48.3
10

48.4
10

-

-

36.8
10

36.8
10

47.2

47.2

47.3

47.4

47.4

47.3

47.3

47.8

47.9

Limestone powder
(kg/m3)
Water (kg/m3)

162.7

162.9

163.2

159.5

159.7

205.6

205.7

202.3

202.5

Sand 0-4mm (kg/m3)

1406.8

1399.1

1382.1

1406.8

1399.4

1406.8

1399.4

1406.8

1399.4

Sand 0-2mm (kg/m3)
Superplasticizer
(kg/m3)

248.3

246.9

243.9

248.3

246.9

248.3

246.9

248.3

246.9

11.4

10.9

11.4

12.1

12.1

4.9

4.9

6.4

6.4

2.1

2

2.1

2.5

2.5

1.2

1.2

1.73

1.73

Steel ﬁber (kg/m3)

-

24.2

78.0

23.4

-

23.4

-

23.4

Steel ﬁber (vol%)

2

0.3
2

1
2

0.3
2

2

0.3
2

2

0.3
2

Superplasticizer
(% by cement weight)

Designed air-void
content (vol%)
Matrix (vol%)
Density (kg/m3)

2

41

41

41

41

41

41

41

41

41

2409

2425

2460

2396

2411

2320

2335

2311

2326
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Table 2 – Sieve analysis and physical properties of the ﬁne aggregates.

2.2

Sieve size (mm)

Sand 0-2mm

8

100

Sand 0-4mm
100

4

97.3

98.9

2

91.8

85.9

1

82.7

65.6

0.5

68.1

40.9
19.1

0.25

47.4

0.125

23.6

6.1

Fineness modulus
Speciﬁc gravity (g/cm3)

1.51

2.37

2.65

2.65

Slump and slump flow measurements

A mini slump cone with 80 mm diameter at base, 40 mm diameter at top and 120 mm high as
shown on the left side of bottom photo of Fig. 7 - Fig. 10 was used. The steel tamping rod was 8
mm diameter, 274 mm long and rounded at both ends. The fresh mortar was added into the
slump cone in three layers, with each one-third of the cone height. Every layer was tamped for
25 times using the steel tamping rod before a new layer was added. For the last layer, the fresh
mortar was added fully to the top of the cone. After 25-time tamping on the last layer, any
excess mortar on the top of the cone was removed using the steel tamping rod until ﬂat. The
cone was then lifted slowly (around 1 to 2 seconds) in vertical direction. After the mortar
stopped slumping, the steel rod was put on the top of the cone placed closed to the mortar and
the slump, which was the distance from the bottom edge of the steel rod down to the top of the
center of the mortar, was measured. The mean diameter of the slump ﬂow, which was the
average of two readings in perpendicular direction, was taken and shown in Table 4. Photos of
the nine fresh mortars after slump were shown in Fig. 7 - Fig. 10.
Table 3 – Chemical compositions of the cement, silica fume and limestone powder.
Analysis %

Cement

CaO

63.50

SiO2

20.65

Al2O3

4.70

2.68

Fe2O3

3.51

2.04

Limestone powder
79.80

>90

12.87

SO3

3.16

MgO

1.83

1.84

K 2O

0.47

0.62

Na2O

0.28

0.49

P 2O 5

0.11

Loss of ignition
Speciﬁc gravity (g/cm3)

3.12

Speciﬁc surface area (m2/kg)

2.3

Silica fume

>3

37.66

2.20

2.70

372

362

Rheological parameters and air-void content measurements

Yield stress (τ0) of fresh mortar refers to the necessary starting force needed to move the mortar,

38

and plastic viscosity (µ) of the fresh mortar refers to the resistance against an increase in moving
speed. Both parameters were measured using a coaxial cylinder ConTec Viscometer 4 controlled
by computer software, with a 21-mm gap between the outer and the inner cylinder, see Fig. 2.
The outer cylinder was made with a steel lining with the same saw-tooth proﬁle as the rubber
lining used by Wallevik [22]. The measurements were based on the Bingham equation as below:

   0  

(1)

where τ is shear stress, τ0 is yield stress, µ is plastic viscosity and  is shear rate. The
rheological measurements of nine mortars, as shown in Table 4, were carried out in the same
coaxial cylinder ConTec Viscometer 4 straight after mixing, in the same laboratory and under
the same temperature so that the systematic errors on the nine mortars could be maintained as
constant as possible.
The air-void content and the density of fresh mortar were measured using a pressure-type air
meter in Fig. 3 with the volume of the container which is 1000 cm3, and the values are shown in
Table 4 as fresh(pressure) under the column of air-void content and density. The following
equation, which is in volume percent (vol%), was used to calculate the air-void content of fresh
and hardened mortar:

 
 100
  1 
 theory 


(2)



where λ can be either the air-void content of fresh, 24-hour hardened mortar (λ24h) or 28-day
hardened mortar (λ28d), ρ can be either the density of hardened mortar after 24-hour (ρ24h) or
after 28-day (ρ28d) curing, and ρtheory is the theoretical void free density of the designed mortar.

Figure 2 – The coaxial cylinder ConTec
viscometer 4 controlled by computer software.

2.4

Figure 3 – Pressure-type air meter used for
measuring the air-void content and the density
of fresh mortar in our study.

Density of hardened mortar calculation

The weights of 24-hour and 28-day hardened mortars were measured in air, Wair, and in water,
Wwater, in the unit of gram using the Mettler PM6000 balance.
Then, the density of hardened mortar was calculated using the following equation,
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Wair
 w
Wair  Wwater

(3)

where ρ is in kg/m3 and can be either the density of 24-hour hardened mortar (ρ24h) or 28-day
(ρ28d), and ρw is the density of water.
2.5

Mechanical tests

50x50x50 mm cubes and 40x40x160 mm prisms were made for compressive tests and threepoint bending tests respectively. The moulds with steel ﬁber fresh mortars were vibrated on a
vibrating table for 3 seconds. The specimens were covered with a plastic sheet, demoulded after
24 hours and cured in water at 20 degrees Celsius for 28 days. Table 4 shows the average
compressive strength of six cubes compressed at a rate of 0.2 mms-1, and the average ﬂexural
strength of three prisms bended at a rate of 0.1 mms-1 with the span of 100 mm.
2.6

Scanning electron microscopy

Zeiss Ultra 55 Field Emission Scanning Electron Microscopy (FESEM), with an accelerating
voltage of 3 to 5 kV and a working distance of 4 to 6 mm, was adopted to take the SE images of
cement powders, limestone powders, aggregate particles with sizes smaller than 0.125 mm,
silica fume and steel ﬁber, as shown in Fig. 4. Cement powders, limestone powders and ﬁne
aggregate are granular while silica fume is spherical. Steel ﬁber has a very smooth surface
texture at a magniﬁcation of 300x although it shows pores with irregular shapes and line cracks
at a magniﬁcation of 3000x.
Table 4 – Yield stress, plastic viscosity, slump, slump flow, air-void content, density,compressive
and bending strength of mortars with w/b 0.3 and 0.5
Mix 1

A
Mix 2
0

0
8
30.2
101
252.5

w/b = 0.3

B

Mix 3

Mix 4

0.3
11
43
94
192.5

1
60
114.5

2
1.9
6.3
4
3.4

2
2.3
6.0
4.7
3.7

2
3.2
6.3
4.4
3.8

mix design (excel)
ρtheory
fresh(pressure)
ρ24h
ρ28d

2409
2458
2302
2359
2375

2425
2475
2326
2358
2382

2460
2510
2351
2399
2416

compressive
bending

75.5
8.9

68.9
9.8

78
11.3

0
0.3
0
30
42
8
14.5
15.8
6.5
105
95
100
232.5
202.5
265
air-void content (vol%)
2
2
2
4
2.9
3.4
7.0
6.3
6.7
5
5.5
3.1
4.1
4.7
2.5
density (kg/m3)
2396
2411
2320
2445
2460
2367
2273
2304
2208
2323
2324
2293
2345
2345
2309
strength at 28 days (MPa)
78.6
74.9
39.8
9
9.1
7.1

silica fume (% by cement
weight)
steel fiber (vol%)
yield stress, τ0 (Pa)
plastic viscosity, μ (Pas)
slump (mm)
slump flow (mm)
mix design (excel)
fresh(pressure)

λfresh(pressure)
λ24h
λ28d

10

Mix 5

Mix 6

C
0

w/b = 0.5

D

Mix 7

Mix 8

0.3
7
5.7
98
260

0
10
2.8
110
237.5

0.3
10
5.1
103
245

2
4
7.1
3.4
2.6

2
2.5
7.5
4.8
3.9

2
1.5
5.6
3.5
2.7

2335
2383
2215
2302
2320

2311
2358
2181
2248
2265

2326
2374
2242
2291
2308

34.9
6.8

42.6
7.2

46.7
7.2

10

Mix 9

40

Figure 4 – SE image of (a) cement, (b) limestone powder, (c) fine aggregates with sizes less than
0.125 mm, (d) silica fume, (e) steel fiber and (f) surface texture of steel fiber at a 3000x
magnification.
3

Results and Discussion

3.1

Mix Design

In our mix design using the excel-worksheet based proportioning tool [7], the ’matrix’ in Table
1 has the same meaning as powder used in the EFNARC guidelines, except ’matrix’ including
water content. Therefore, ’matrix’ is the sum of the amount of cement, silica fume, limestone
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powder, water and aggregate particles with sizes smaller than 0.125 mm, see calculation in
Appendix. Taking the matrix of 41 vol% into consideration, we managed to design ﬂowable
plain mortars with the slump ﬂow and the compressive strength of 230 to 255 mm and 72.5 to
78.6 MPa respectively for w/b 0.3; of 237 to 265 mm and 39.8 to 42.6 MPa respectively for w/b
0.5, see Mix 1, Mix 4, Mix 6 and Mix 8 in Table 4. The slump ﬂows of the ﬂowable plain
mortars designed in our study were similar to the slump ﬂow of 239 to 262 mm for selfcompacting mortar reported elsewhere [13,23].
The purpose of adding limestone powder in the mortar was to increase the percent of ﬁne
powder in order to increase resistance against segregation in fresh mortar. Limestone powder
itself did not involve completely in the chemical reaction in the mixture, conﬁrmed both from
thermal analysis and BSE image analysis [24]. However, its presence accelerated the initial
hydration reaction, inﬂuenced the hydrate assemblage [25], and contributed to higher shrinkage
and creep deformations [26]. Therefore, the amount of limestone powder used in each mix was
kept the same, see Table 1.
It was reported that diﬀerent types of superplasticizer used together with silica fume had
diﬀerent eﬀect on plastic viscosity, for example, polyacrylate grafted with polymer (PA) used
together with silica fume decreased the plastic viscosity, while sodium naphthalene sulphonateformaldehyde condensate (SNF) used together with silica fume increased the plastic viscosity
[19]. Faroug et al. [27] showed that the eﬀect of increasing dosages of superplasticizer on the
rheological parameters became minimal for w/b > 0.5, and segregation might occur if the
unnecessary amount was added. Szwabowski et al. [20] showed that poly-carboxylate based
superplasticizer increased the air-void content at high w/b. Since the same type of
superplasticizer as Szwabowski et al. [20] was adopted in our study, less amount of the
superplasticizer was used in w/b 0.5 to minimize any increase of air-void content caused by the
superplasticizer.
3.2

Density

Fig. 5 shows the densities of 9 mixes at three diﬀerent stages: fresh, 24-hour and 28-day. The
densities of all mixes increased abruptly after 24-hour curing and continued to increase until 28day curing. We ascribed the increased density from 0 (fresh mortar) to 1 day (demoulding) to
the loss of some air-void content after the compaction of fresh mortar in the steel moulds on the
vibrating table. This was supported by the calculation of air-void content, λ, for three diﬀerent
stages of mortar, using Eq. 2 which was mainly based on the measured density, see Table 4. The
water curing was used in our study. The increased density from 1 to 28 days was due to the
absorption of water because of chemical shrinkage when the hydration progressed. The chemical
shrinkage is usually ascribed to the volume reduction of the chemically bound water that causes
water from the surrounding to be sucked in. In general, low w/b and the use of silica fume are
known to increase the chemical shrinkage [28, 29].
Fig. 5 also shows that w/b, silica fume and steel ﬁber inﬂuence the density of the mortar.
Mortars with w/b 0.5 had less density than those with w/b 0.3. This was mainly due to the fact
that mortars with w/b 0.5 had more water and less cement content. Thus the matrix had more
pores and less particle packing than mortars with w/b 0.3, as shown in Fig. 6. Silica fume had
lower density than cement powder could explain the fact that plain mortars with silica fume had
lower density than those without silica fume. The inclusion of steel ﬁber increased the density of
mortars as expected.
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Figure 5 – Density of fresh, 24-hour and 28-day mortar for w/b 0.3 and 0.5.

Figure 6 – SE image of the matrix surrounding a steel fiber in (a) w/b 0.3 and (b) w/b 0.5.
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3.3

Workability

The workability of the mortar was investigated by studying the slump, yield stress and plastic
viscosity. The cohesiveness of the mortar was measured in percent by taking the ratio of the
slump diﬀerence between mortar with and without silica fume to the slump of mortar without
silica fume. Comparing Fig. 7(a) and Fig. 8(a) for w/b 0.3 and comparing Fig. 9(a) and Fig.
10(a) for w/b 0.5, a small bump in the middle of the fresh plain mortars disappeared with the
incorporation of 10% silica fume, showing an improvement of the cohesiveness of mortars by
4% for plain mortars with w/b 0.3 and by 10% for plain mortars with w/b 0.5. However, more
superplasticizer was required to maintain the slump ﬂow of mortar with silica fume close to that
without silica fume, see Table 1 and Table 4. Although superplasticizer may have an eﬀect in
decreasing the yield stress, Table 4 shows that 10% silica fume had greater eﬀect in increasing
the yield stress than the additional amount of superplasticizer in decreasing the yield stress at
w/b 0.3. However, at w/b 0.5, the eﬀect of silica fume on rheological properties became smaller.
The increasing amount of water in w/b 0.5 possibly reduced the eﬀect of silica fume on the
properties of mortars. Although 10% silica fume increased the yield stress, it decreased the
plastic viscosity of mortars, as seen by comparing Mix 1 and Mix 4 for w/b 0.3 and Mix 6 and
Mix 8 for w/b 0.5 in Table 4. This is in line with Faroug et al. [27] who reported that the
replacement of cement by condensed silica fume up to 20% increased the yield stress, up to 15%
replacement decreased the plastic viscosity, and the similar trends of yield stress and plastic
viscosity were shown when the dosage of superplasticizer (naphthalene formaldehyde) up to 2%
by cement weight were introduced. It was reported that the pozzolanic reaction between silica
fume and calcium hydroxide (CH) happened after 1-day or 7-day curing, depending on the
amount of cement powder being replaced by silica fume [30]. Fig. 4 shows that silica fume is
spherical compared to cement powder. The rheological parameters were taken straight after
mixing. It may be suggested that the increase in yield stress, the decrease in plastic viscosity and
the increase of the cohesiveness of fresh mortar was related to the spherical shape of silica fume
that served as lubricant or roller-bearing before the pozzolanic reaction took place.
From Table 1, the included vol% of steel ﬁbers actually replaced the same vol% of removed
aggregates with the amount of the rest of the components remaining unchanged in the mix
proportion. Visual comparision of Fig. 7(b) and Fig. 8(b) revealed that the inclusion of 0.3 vol%
steel ﬁbers reduced the ﬂowability of mortars w/b 0.3 without silica fume more than that with
silica fume. However, the eﬀect of 0.3 vol% steel ﬁbers on mortars with w/b 0.5 with and
without silica fume was similar, with a bump in the middle of the fresh mortar showing low
cohesiveness, comparing Fig. 9 and Fig. 10. For fresh mortars without silica fume with 0.3 and
1 vol% steel ﬁbers, a halo was partly seen on the edges of the slump revealing segregation and 1
vol% steel ﬁbers tremendeously reduced the workability of fresh mortars, see Fig. 7 (b) and (c).
The cylindrical shape of steel ﬁber caused the entanglement of steel ﬁber during ﬂowing, and
this could explain that after the slump, steel ﬁbers accumulated more in the middle of fresh
mortar than spreading out with the ﬂow. With the amount of superplasticizer and silica fume
maintained the same in each group, the inclusion of steel ﬁber increased the yield stress and
plastic viscosity of fresh mortar, in agreement with Szwabowski et al. [31]. However, the effect
of steel ﬁber on workability was more signiﬁcant at w/b 0.3 than at 0.5. Close examination using
the FE-SEM revealed that the surface of steel ﬁber was smooth, see Fig.4. Therefore, the friction
between steel ﬁber and aggregate was minima during ﬂowing. The increase in yield stress and
plastic viscosity was mainly caused by the cylindrical shape of steel ﬁber in causing
entanglement during ﬂowing. Fig. 11 shows that no correlation is observed between air void
content and rheological properties of fresh mortars.
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Figure 7 – (Group A) Mortars with w/b 0.3, 0% as-received silica fume, (a) 0, (b) 0.3, and (c) 1
vol% steel ﬁber after slump from 45° angle for the top and from the side for the bottom photo.

Figure 8 – (Group B) Mortars with w/b 0.3, 10% as-received silica fume, (a) 0, and (b) 0.3 vol%
steel ﬁber after slump from 45° angle for the top and from the side for the bottom photo.

Figure 9 – (Group C) Mortars with w/b 0.5, 0% as-received silica fume, (a) 0, and (b) 0.3 vol%
steel ﬁber after slump from 45° angle for the top and from the side for the bottom photo.
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Figure 10 – (Group D) Mortars with w/b 0.5, 10% as-received silica fume, (a) 0, and (b) 0.3
vol% steel ﬁber after slump from 45° angle for the top and from the side for the bottom photo.

Figure 11 – (a) Yield stress versus air-void content, and (b) Plastic viscosity versus air-void
content, of mortars from w/b 0.3 to 0.5.
3.4

Compressive and flexural strength

Silica fume is known to enhance the compressive strength of mortar and concrete [32]. Table 4
shows that for both w/b 0.3 and 0.5, 10% silica fume increased the 28-day compressive strength
of plain mortars. However, its eﬀect on increasing the 28-day ﬂexural strength was not
signiﬁcant. Its eﬀect on compressive strength became less strong at w/b 0.5 than at w/b 0.3 due
to the increasing amount of water and less binder at w/b 0.5, although Huang et al. [30] reported
that the eﬀect of silica fume on increasing the strength was almost insigniﬁcant at w/b 0.6.
Table 4 also shows that the inclusion of 0.3 vol% steel ﬁbers into mortars for both w/b did not
increase the compressive strength in all mixes studied. Some researchers reported a positive
eﬀect on compressive strength for the inclusion of 0.5 vol% or more steel ﬁber [33,34], but not
all of them. The inclusion of steel ﬁbers increased the ﬂexural strength at w/b 0.3, but not at w/b
0.5. In another study using the same mortars, the main eﬀect of ﬁbers on mechanical properties
were mainly on ductility and fracture energy, where the incorporation of steel ﬁber imposed a
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great eﬀect on increasing the ductility of mortars after maximum load (Pmax-elastic) in bending
tests, preventing mortars from breaking into two separate parts instantly, and increasing the
work (Wpost-elastic) needed for fracture in Ref. [21]. The inclusion of 1 vol% steel ﬁber increased
both the compressive and the bending strength in our study.
3.5

Effect of air-void content on strength

Table 4 shows that silica fume and steel ﬁber have an eﬀect in increasing the air-void content in
24-hour and 28-day mortars for both w/b. Balaguru et al. [36] reported that the inclusion of steel
ﬁber reduced the air-void content. This was contrary to many of our observations of increased
air-void content due to steel ﬁber. They argued that the reduction of air-void content was due to
the possibility of the randomly distributed ﬁbers providing a path for bubbles to escape. We
believed that stirring the fresh mortar in order to disperse the steel ﬁber evenly during mixing
could introduce air into mortar and this was unavoidable.
Although 10% silica fume and 0.3 vol% steel ﬁber increased slightly the air-void content, no
clear trend between the relationship of 28-day compressive and ﬂexural strength with the airvoid content was shown in Fig. 12. In fact, mortars with lower compressive and flexural
strengths were found at the region of air-void content between 2.5 and 3 vol% (the region where
mortars with w/b 0.5 dominated), and mortars with higher compressive and flexural strengths
were found at the region of air-void content between 3.5 and 4 vol% (the region where mortars
with w/b 0.3 dominated). In fact, the change of the w/b was the key inﬂuencing factor on the
strengths.
4

Conclusions

1) 10% silica fume improved the cohesiveness of fresh plain mortars by 4% for mortars with
w/b 0.3 and by 10% for mortars with w/b 0.5. However, the fresh mortars required more
superplasticizer to maintain the slump ﬂow closed to that without silica fume for two diﬀerent
w/b. The eﬀect of silica fume in increasing the yield stress was greater than that of additional
amount of superplasticizer in decreasing the yield stress. It increased 28-day compressive
strength but gave no signiﬁcant increase on 28-day ﬂexural strength of mortar for both w/b
either with or without steel ﬁber.
2) The inclusion of 0.3 vol% steel ﬁber reduced greatly the ﬂowability of fresh mortars with w/b
0.3 without silica fume, but only slightly for those with silica fume. Its eﬀect on the ﬂowability
of fresh mortars with w/b 0.5 either with or without silica fume was the same. It did not give a
consistent positive eﬀect on compressive strength of mortar for both w/b. It gave a slight
increase in 28-day ﬂexural strength for mortars with w/b 0.3, but not with w/b 0.5.
3) 10% silica fume and 0.3 vol% steel ﬁber increased slightly the air-void content in mortar.
However, the slight increase in the air-void content did not inﬂuence the strength of the mortar.
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Figure 12 – (a) 28-day compressive strength versus 28-day air-void content, and (b) 28-day
bending strength versus 28-day air-void content, of mortars from w/b 0.3 to 0.5.
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APPENDIX
How to calculate matrix volume in mix proportion Matrix is sum of the amount of cement, silica
fume, ﬁller, water and aggregate particles with sizes smaller than 0.125 mm.
Refer to Mix 9
1) Density of cement = 3120 kg/m3
Cement = 368.2 kg in 1 m3
Volume of cement = 368.2/3120 = 0.118 m3
2) Density of silica fume = 2200 kg/m3
Limestone = 36.8 kg in 1 m3
Volume of limestone = 36.8/2200 = 0.0167 m3
3) Density of limestone = 2700 kg/m3
Limestone = 47.9 kg in 1 m3
Volume of limestone = 47.9/2700 = 0.0177 m3
4) Density of water = 1000 kg/m3
Water = 202.5 kg in 1 m3
Volume of water = 202.5/1000 = 0.2025 m3
5) Density of superplasticizer = 1030 kg/m3
Superplasticizer = 6.4 kg in 1 m3
15% dry stuﬀ in 6.4 kg superplasticiser = 0.96 kg
Volume of dry stuﬀ in superplasticizer = 0.96/1030 = 0.00093 m3
6) Density of sand 0-4mm = 2650 kg/m3
Percent of particles < 0.125 mm = 6.1%
Sand 0-4 mm used = 1399.4 kg in 1 m3
Particles < 0.125 mm = 6.1/100 × 1399.4 = 85.36 kg/m3
Volume of particles < 0.125 mm = 85.36/2650 = 0.032 m3
7) Density of sand 0-2 mm = 2650 kg/m3
Percent of particles < 0.125 mm = 23.6%
Sand 0-2 mm used = 246.9 kg in 1 m3
Particles < 0.125 mm = 23.6/100 × 246.9 = 58.27 kg/m3
Volume of particles < 0.125 mm = 58.27/2650 = 0.022 m3
Total of matrix = 0.118 + 0.0167 + 0.0177 + 0.2025 + 0.00093 + 0.032 + 0.022 = 0.40983 ≈
0.41 m3
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ABSTRACT
The success of a water repellent treatment on concrete is often
judged by the visual penetration depth. This method, however,
only indicate if the water repellent agent has penetrated the
concrete or not. With the use of a FTIR-spectrometer with KBrtablets a determination of the concentration of the water repellent
agent can be made. This is an important tool in the understanding
of how these treatments work. From the results of the experiment
presented in this paper it is clear that the duration of contact
between a water repellent agent and the concrete is important for
the outcome of the treatment. It is clear that the concentration as
well as the depth increases with a prolonged time for the treatment.
Key words: silane, water repellent agent, FTIR-spectrometer,
penetration profile.
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1.

INTRODUCTION

Water repellent agents are often used on concrete to prolong the service life of the structure.
This is accomplished by protecting the reinforced concrete from chloride ingress and/or by
reducing the moisture content inside. The success of a treatment is often judged by the visual
penetration depth. This method, however, only indicates if the water repellent agent has
penetrated the concrete or not. The FTIR (Fourier Transform InfraRed) -spectrometer gives the
possibilty of determining not only the penetration depth but also the concentration of the agent.
Concrete is an inorganic material meaning that there are no carbon-hydrogen bonds. The FTIRspectra for concrete and organic materials differ in the region for this bond. The alkylgroup of
the fully reacted silane can thereby be detected and quantified by the FTIR-spectrometer. This is
an important tool in the understanding of how water repellent agents work.
1.1

Water repellent agents

Water repellent agents, today mainly consisting of alkylalkoxysilane, contain an organic group
(alkylgroup) when fully reacted. The silane is absorbed through capillary suction into the pores,
when applied on the concrete surface. The alkoxy groups react in the alkaline environment of
the pore solution and a fine network of polymer siloxane or silicon resin forms [1] (see Figure 1)
which turns the concrete from hydrophilic to hydrophobic [2] giving it protection against e.g.,
chlorides [3]. The alkoxy group is liberated as alcohol during the reaction.

Figure 1: Reaction of an organofunctional trialkoxysilane with the concrete matrix [4].
Ethanol is liberated during the hydrolysis.
Identifying the FTIR spectra of pure polymer siloxane and especially the influence of the
organic bond between carbon and hydrogen makes it possible to detect and quantify the amount
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of water repellent agent in concrete after a treatment. This method is described in detail by
Gerdes in [5].
1.2

FTIR-Spectroscopy

FT-IR stands for Fourier Transform InfraRed, where FT refers to the method used to interpret
the results. This is the preferred method of infrared spectroscopy. In infrared spectroscopy, IR
radiation is passed through a sample. Some of the infrared radiation is absorbed by the sample
and some of it is passed through (transmitted). The resulting spectrum represents the molecular
absorption and transmission of the sample, creating a molecular fingerprint of the sample [6].
This makes infrared spectroscopy useful for several types of analysis as for example organic
materials in concrete.
Molecules are flexible, moving collections of atoms. The atoms in a molecule are constantly
oscillating around average positions. Bond lengths and bond angles are continuously changing
due to this vibration [6]. A molecule absorbs infrared radiation when the vibration of the atoms
in the molecule produces an oscillating electric field with the same frequency as the frequency
of incident IR-radiation.
2.

METHOD

The samples used in this experiment were originally prepared for an investigation on the
effective penetration depth of a water repellent treatment and how different factors influence it
[7]. A total of 400 samples were prepared. Ten of these samples were analyzed in this FTIRmeasurement. Another ten of identically prepared samples were used to measure the visual
penetration depth. This was done according to EN 1504-2:2004 as the distance from the surface
to the sharp line between dry and wet concrete after it has been sprayed with water.
2.1

Preparation of samples

Two types of concrete with w/c = 0.8 and 0.45, respectively, were used in this experiment with
the composition according to Table 1. The maximum size of the aggregate was 8 mm. The
concretes were cast from a CEM I 42.5 BV, LA, SR (Swedish cement for civil engineering
structures) according to EN 197-1 in 80 litre boxes and conditioned for three months in 100 %
RH and 20°C. Cores with a diameter of 75 mm were then drilled out of the boxes and cut into
30 mm thick plates. The first and last plates from each core were removed from the setup in
order to avoid any boundary effects. To ensure a uni-dimensional flow when the samples were
treated with the water repellent agent the perimeter of the plate was sealed before they were
placed inside the climate boxes, leaving the up- and downside open.
Table 1: The concrete mixtures used in the experiments.
w/c

0.45

Cement
(kg/m3)
500

Aggregate 0-8 mm
(kg/m3)
1575

Water
(kg/m3)
225

Plasticizer
(kg/m3)
2.0 (Glenium)

0.80

350

1609

280

-
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The plates were then conditioned for six months in 59 % RH [8]. The humidity was created
inside climate boxes with saturated NaBr- solution and small rotators. The bottom of the climate
box was filled with Ca(OH)2 - powder to absorb the CO2 in the air in order to avoid the samples
from carbonating. To check the depth of carbonation a few plates were cracked and sprayed
with phenolphthalein. No carbonation had taken place, meaning the carbonation depth was less
than 0.1 mm.
2.2

Water repellent treatment

A box with triethoxy(isooctyl)silane in liquid form was prepared. A 10 mm thick net was placed
in the bottom of the box to ensure that full contact between the fluid and the specimen was
achieved. The silane was then poured into the box so that the net was covered to a depth of
approximately 5 mm. The concrete plates were then placed on the net so that the bottom was in
contact with the fluid. Since the envelope surface of the plate is sealed a uni-dimensional
capillary suction is achieved. When the desired time had passed the plates were removed from
the box, wiped off with paper and then placed horizontally in open air. The five different times
for treatment was 5 minutes, 25 minutes, 2 hours, 10 hours and 48 hours, respectively.
2.3

FTIR-analysis

The FTIR-spectrometer used in the experiment is an instrument which uses potassium-bromide
(KBr)-tablets. The preparation of samples is time consuming but the reward is that the
instrument, when calibrated, can be used for accurate quantification of a specific molecule or
group. Information about the thickness of the tablet and the concentration of powder in the tablet
is necessary and assured by accurate preparations of the sample. The contribution to the FTIRspectra is almost zero from KBr. The following steps are included in the preparation and
measurements of one tablet starting from dry solid concrete:
1. Concrete powder is needed for the measurements. A grinding machine (see Figure 2a) is
used for this purpose. A solid concrete piece is placed in the machine horizontally and
the concrete powder is collected. The machine is cleaned afterwards so that
contamination of the next sample is avoided. Depending on the surface area of the
sample and the skill of the operator as small as 0.5 mm intervals are possible.
2. The concrete powder is then mixed with KBr-powder at a given concentration and mass
with an accuracy of ±1%. 1000 mg KBr is mixed with 40 mg concrete powder. This is
important to ensure the concentration and the thickness of the tablet since the
quantification depends on this.
3. 250 mg powder mixture is then placed in the 13 mm tablet press (see Figure 2b). KBr
melts at high pressure and when the pressure is released a tablet is formed.
4. The tablet can then be placed in a holder (see Figure 2c) which fits in the FTIRspectrometer (see Figure 2d).
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Figure 2: a) The machine used to grind powder from 1 mm layers. b) Equipment used to press
KBr-tablets. c) A KBr-tablet and the holder for the tablet. d) FTIR-spectrometer.
The result from the analysis is a spectrum with wave number (wavelength-1) on the x-axis and
the absorption (%) on the y-axis resulting from the IR-radiation. In the region of wavenumber
2800-3100 cm-1 a difference in the spectrum for concrete and organic material can be noted. The
quantification process is based on area calculation. A specific peak (see Figure 3) caused by the
water repellent treatment is identified and the area of that peak is related to the amount of the
fully reacted water repellent agent present in the concrete. A calibration curve with known
concentrations is necessary in this step.

Absorption (%)
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peakarea

-1

Wavenumber (cm )
Figure 3: Illustration of the quantification method where the area of a specific peak is related
to the amount of fully reacted water repellent agent present in the concrete.
3.

RESULTS & DISCUSSION

The penetration profiles and the influence of the duration of contact are presented for two
different concrete types with w/c = 0.8 and 0.45. The profiles are shown in Figures 4 and 5.
Every curve represents one concrete plate and 1 mm on the x-axis means that the powder
analyzed is collected from 0.5-1.5 mm from the surface.
Three well known factors which affect the outcome of a water repellent treatment in terms of
penetration depth are time, porosity and degree of saturation [9-11]. The time referred to is the
duration of contact between the water repellent agent and the concrete surface. The porosity and
degree of saturation refer to the concrete pore system and the amount of moisture inside the
concrete at the time of the impregnation, respectively. The effect of time and porosity can be
seen clearly in Figures 4 and 5 when the concentration profiles are compared. The higher
porosity of the concrete with w/c = 0.8 clearly results in a higher concentration. A longer
duration of contact also gives a higher concentration at a given depth with one exception. The
penetration profile of the 25 minutes treatment and the two hour treatment in Figure 4 is almost
the same. This is probably due to the fact that each penetration profile is based on just one
sample.
The highest concentration is reached at the surface for the w/c = 0.45 in Figure 4 while the peak
for w/c = 0.8 is shifted a few millimeters from the surface in Figure 5. A certain amount of
silanes always evaporates before the polymerization starts which could be one explanation to the
peak for the treatments with a longer duration and higher concentrations.
The correlation between the visual penetration depth of the water repellent agent, defined
according to EN 1504-2:2004 as the distance from the surface to the sharp line between dry and
wet concrete after it has been sprayed with water, and the concentration is clear. The visual
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penetration depth of the identically prepared samples corresponds well to the approximate
concentration of 1 to 2 mg polysiloxane/g concrete in this experiment. The best correlation is
given by 1.5 mg polysiloxane/g concrete. This can be seen in Figure 6. There is, however, a
need for more experiments before a fixed concentration can be set for this correlation.
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Figure 4: Penetration profiles of triethoxy(isooctyl)silane on concrete with w/c = 0.45 for
different durations of treatment. The plates were conditioned in 59 % RH before the
treatment. Every point represents one tablet.
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Figure 5: Penetration profiles of triethoxy(isooctyl)silane on concrete with w/c = 0.8 for
different durations of treatment. The plates were conditioned in 59 % RH before the
treatment. Every point represents one tablet.
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Figure 6: The correlation between the visual penetration depth and a specific concentration
measured with FTIR-spectroscopy. The concentration of 1.5 mg polysiloxane/g
concrete gives a correlation of 1.0033.
4.

CONCLUSIONS

The conclusions are based on an experiment where the penetration profiles of a total of ten
water repellent treated samples were determined by the means of FTIR-spectroscopy. The
experiment should be considered as a pilot study to evaluate the method and the impact of the
duration of the treatment on the penetration profiles.
The duration of contact between the water repellent agent and the concrete is important for the
outcome of the treatment. Figures 4 and 5 illustrate how the penetration profiles are affected and
it is clear that the concentration as well as the depth increases with a prolonged time for the
treatment. The correlation between the visual penetration depth and a given concentration is
clear in this experiment. The concentration of 1.5 mg polysiloxane/g concrete gives the best
result. This, however, is just a relation between the concentration and the visual depth and the
relation might not be the same with the effectiveness of the treatment.
The difference in the concentrations between the different concrete types clearly illustrates how
important the factor porosity is for the outcome of the treatment. If conditioned in the same
environment and treated in the same way the porosity has a major influence on the depth and
concentration of the water repellent agent.
The FTIR-spectrometer with KBr-tablets is the only method today that can be used for
quantification of water repellent agents in concrete. This is an important tool in the
understanding of how these treatments work. The potential of relating the concentration of water
repellent agent to porevolume or cement content in a further development are interesting in
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order to learn more. However, the method is laborious and time consuming and this is a
disadvantage in comparison with the visual penetration depth.
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ABSTRACT
Two methods used to determine stored VOC (volatile
organic compounds) in concrete slabs has been compared.
These methods are frequently used in investigating indoor
environment problems where emissions from moisture
damaged floorings are suspected.
Comparative measurements were made in situ, and the
results show good agreement with expected values,
especially in measurements of a profile at several levels in
the concrete floor, or at several different places in one and
the same damaged floor.
The comparative measurements have been used in evaluating
the partition coefficient (K) and the diffusion coefficient (D,
δ) for n-butanol and 2-ethyl-1-hexanol in concrete.
Key words: VOC, measurement methods, stored
degradation products, partition coefficient (K), diffusion
coefficient (D, δ)

1.

INTRODUCTION

A common outcome in investigations of indoor environment problems in Scandinavia is that
structures with damp concrete floors may be a considerable source of VOC to the indoor air.
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Two of the methods frequently used among investigators are examined and compared in this
paper.
The deterioration of flooring materials is well known as a plausible cause of indoor air problem.
Emissions from floor constructions may contribute considerable quantities of volatile organic
compounds (VOC) to the indoor air, Gustavsson and Lundgren /1/, Wiglusz et al /2/, Cox et al
/3/, Saarela et al /4/, Sjöberg /5,6/, Wilke et al /7/. For example, building materials of polyvinyl
chloride (PVC) are known to degrade in damp alkaline conditions and the degradation products
have been related to upper respiratory symptoms and signs of inflammation, Wieslander G, et al
/8/ and to asthma symptoms, Norbäck et al, /9/, Bornehag et al, /10/.
According to Sjöberg /6, 11/, the moist alkaline environments that a concrete slab may provide
enhance the risk that plasticizers in flooring materials and acrylate based copolymers in
adhesives will be hydrolysed. In alkaline hydrolysis the alcohols 2-ethyl-1-hexanol (EtHx) and
n-butanol (BuOH), and other compounds, may be formed and emitted from the material,
Alexandersson /12, 13/, Björk et al /14/, Persson /15/, Sjöberg /11/ and Wilke et al /7/. These
specific degradation products have been found to correlate with increased SBS symptoms in
damp buildings, Nordström et al /16/, and cause irritation of the human mucous membrane,
Podlekareva et al /17/, and they are good tracers of the decomposition of flooring materials due
to alkaline hydrolysis.
In addition to the emission from the flooring surface the volatile degradation products may also
migrate down into the concrete substrate and be stored there for a long time, Sjöberg /6, 11, 18/.
Since concrete is a porous substrate with ca 15 % pore volume there may be space for a
considerable amount of those organic compounds to be stored. If the concrete surface condition
later on changes, e g the flooring is removed or replaced, the stored degradation products may
start to migrate upwards again and be emitted through the surface into the indoor air.
This paper describes and assesses two different methods used to determine the extent of stored
decomposition products in concrete slabs, namely the flask headspace method (FHM) and the
vial headspace method (VHM). The methods are often used by damage investigators who
investigate indoor air problems and moisture damage in floor constructions. From the results of
these types of measurements, the damage investigators often draw different conclusions
regarding the condition of the floor constructions. At times it is a matter of deciding whether the
moisture damage is still active, so that the source of moisture also must be dealt with, or whether
it is only an old moisture damage which has now dried out, in which case only the remaining
stored pollutants must be considered. In both cases it is of critical importance to determine how
extensive the dispersion of the pollutants has been and to what depth they have penetrated into
the concrete slab. This information can then be used in determining how extensive and effective
the methods applied to decontaminate and restore the floor construction must be.
In view of this objective, it is of great importance to understand all the phenomena that govern
the stored VOC transport within the concrete slab. Consequently, stored VOC concentration
gradients in the concrete slab of five buildings were measured using both the FHM and the
VHM methods. Apart from comparing the data and discussing the practical advantages and
shortcomings of the two methods, the data were also used to derive the partition and diffusion
coefficients of the VOC and concrete systems. The partition coefficients represent the storage
capacities of the concrete for the VOCs. On the other hand, the diffusion coefficients determine
the VOC kinetics of diffusion within the concrete slab. These two coefficients are typical inputs
of physically-based sink or emission models that can be used to define adequate strategies for
remediation. Here, particular emphasis is put on discussing their variations as a function of the
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moisture content of the concrete (relative humidity in the air-phase of the pores), another
parameter that was measured at each sampling point.
2.

METHODS

2.1

VOC concentration in the gas phase

The equilibrium concentration of VOC in the gas phase (cair, gvoc/m3air) was measured with the
flask headspace method (FHM). This method was based on determination of the concentration
of VOC in the air in the headspace of a flask, in equilibrium with a sample of the contaminated
material.
The flask headspace method (FHM) was devised by Sjöberg /11/ and has been frequently used
by the scientific community and practitioners in Sweden. Sjöberg /5/ Engström & Sjöberg /19/,
Sjöberg & Engström /20/ Engström et al /21/. The FHM method consists of three stages; the first
stage is sample preparation of the contaminated material, followed by headspace sampling of
VOC on an adsorbent tube and finally analysis of the adsorbent tube by gas chromatography
(GC-FID),
In the frame of the present study, the first stage of the FHM method was preparation of samples
from the contaminated concrete slab. Samples were taken from several different depths in the
substrate in order to determine the range of the penetration profile of contamination in the
concrete slab. Moreover, samples were collected from a number different locations in order to
determine the range of the problem area. A hammer drill was used to drill and chisel out the
samples from different depths in the floor substrate. No cooling water was used in the process
since there may be a risk of washing away water soluble organic compounds. It was also
important to work quickly and not to warm up the material with the drill since the stored VOC
may otherwise be emitted from the heated pieces of the sample.
The concrete samples at every depth were broken up into fragments of about 1 cm3 size and
about 5 - 10 pieces (ca 50 gram total) were quickly placed in a 250 ml glass flask, see Fig. 1.
The flask was immediately sealed with a tightly fitting Teflon sealed cap and kept at room
temperature (22°C) for three days before headspace sampling. The intention was to enable the
VOC in the concrete sample to attain equilibrium with the headspace air in the flask at room
temperature. It was therefore important not to raise the temperature of the sample before or
during the conditioning period or at the time the headspace air was sampled. In a previous study,
a conditioning period of three days had been found enough for equilibrium to be reached in the
flask under these conditions. The achievement of an equilibrium state represents a situation
where diffusion is completed: VOC concentrations in the air-phase of the pores are uniform
throughout the concrete sample and the same as in the headspace of the flask. Therefore, the
measured concentration is representative of the local pore air-phase concentrations that
characterise the sorption equilibrium within the pores of the concrete samples. Furthermore, it is
important to note that 1) the measured concentration embeds the contributions of adsorption /
desorption processes at the pore surfaces, but also absorption / desorption processes in the liquid
water filling some pores, and 2) not all the VOCs contained in the concrete samples have been
diffused to the headspace of the flask at equilibrium: the main part of molecules are remaining
at the pores surfaces and in the aqueous phase as a result of the air-phase, solid phase and
aqueous phase partitioning.
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Figure 1. Flask with two concrete pieces during sampling. Connected via Teflon tube to a
TENAX tube and a plastic syringe.
In the second stage an adsorbent tube consisting of TENAX TA was used to sample the VOC in
the air of the headspace. In a pre study Solid Phase Micro Extraction (SPME) was used with
unsatisfactory results. On the occasion when the headspace air was sampled a carbon filter was
attached to one of the gas proof connections in the cap, the air inlet tube (Figure 1). To the other
connection a TENAX tube for air sampling was attached. During sampling a 20 ml plastic
syringe was used to slowly draw a 20 ml volume of air through the TENAX tube. In order to
prevent short circuiting, the air inlet was lowered via a Teflon tube to the bottom of the flask and
the outlet was placed at the top. Since only 8% of the air in the flask was replaced during the
sampling of the headspace the concentration in the air was not noticeably diluted. Pre studies of
repeated samplings from a flask have shown that this dilution effect may hardly be measurable
with this method.
The third and final stage in this method was analysis of the TENAX tube by gas
chromatography and flame ionisation detector (GC-FID). In a pre study mass spectrometry (MS)
had been used to identify the main peaks in the chromatogram.
The absorber tube was desorbed thermally. During the thermal desorption, the adsorbed VOCs
were driven off from the adsorber and transported by the carrier gas to the stationary phase of
the column. The column was kept refrigerated during the whole desorption phase. After the
desorption phase the temperature in the column was raised according to a predetermined
scheme; see Sjöberg /11/. No split of the gas stream was performed. When the temperature in
the column increases, the VOCs begin to move through the column at different rates according
to their characteristics such as e.g. molecule size. When the VOCs pass through the FID, in
order, the electrical conduction increases and a higher current is produced as the amount of
hydrocarbon radicals is increased. The variation in current was plotted as a function of time in a
chromatogram, where each peak in the chromatogram represents an organic compound with a
specific retention time. The total concentration or the concentration of the individual VOCs
could be calculated with reference to the sampling volume for the analysed TENAX tube and
the integrated area below the peaks.
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2.2

VOC concentration in the material phase

The second method used in this study was the vial headspace method (VHM). Unlike, the FHM
method, this method evaluates directly the total mass of a certain VOC that is contained in a
concrete sample (Cmtrl, gvoc/m3mtrl).
The VHM method was devised by a commercial company which specialises in laboratory
analysis of buildings. This company has in readiness a broad range of methods that any external
consultant who needs to investigate a building with indoor air problems or moisture damage
may use. The consultants receive instructions and may even borrow some of the needed
equipment from the laboratory, and then take all the samples in the building. The samples are
then sent to the laboratory through the post. The laboratory performs analyses on the sample and
sends the result and some guidelines for the evaluation of the building's condition back to the
consultant.
The VHM method consists basically of the same stages as the FHM method since it was a
development and adaptation of the latter. All stages have nevertheless been developed and
simplified in order to be safely handled by consultants without special training and to fit in
better with the laboratory's selection of analysis methods.
In the first stage of the VHM method the drill cuttings from a hammer drill are sampled, which
is an important simplification from the larger specimens used in the FHM method. A normal 12
mm hammer drill was used to drill a single hole and the drill cuttings were continuously
collected from different depths in glass vials. About 3 g of the concrete cuttings was placed in
each vial of 21 ml and quickly sealed by a cap. The only required condition of the concrete
sample was that the pieces should be smaller than the opening of the vial (Øint = 12 mm). The
vials were packed in a shock absorbent parcel and sent by normal post to the laboratory.
The second stage of the VHM method was extraction of the VOC in the sample and equilibrium
with the headspace. When the sample arrived at the laboratory it was weighed for evaluation
purposes and 5 ml of an extraction solution was added into each vial. The extraction solution
basically consists of 90 % purified and deionised water (milliQ water), 10% ethanol and several
internal standards. The vial was sealed with an aluminium cap with a rubber septum and placed
in a shaking machine at 85°C for 30 minutes. According to internal studies performed by the
method developer at the laboratory this was sufficient to extract the VOC in the concrete
cuttings and reach equilibrium with the headspace.
The third stage of the VHM method was to analyse the headspace by gas chromatography and
mass spectrometry (GC-MS). The sampling of the headspace was performed while the vial was
still at the high temperature. The vials were placed on a turntable, an injection needle from a
GC-MS instrument penetrated the septum and injected the overpressure of the headspace
directly into the column. The VOCs in the headspace were separated in the GC column and
identified by the MS, and the total amounts of different VOCs were quantified with reference to
the external standard used and the mass of the concrete sample.
2.3

Moisture measurements

The moisture level in the concrete substrate was measured as relative humidity (RH) in the air in
the pores of the material. The procedure used in this study is the common standard in
Scandinavia for moisture measurements in most porous building materials. Regulations and
critical values are also mostly expressed as a RH value.
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Samples of the concrete were removed according to the FHM method and placed in test tubes
made of silicate glass. Samples were taken from the concrete at several levels so that a moisture
profile may be determined. In most cases the moisture samples were taken at exactly the same
places and depths as the samples for FHM and VHM. The test specimens were broken up with a
hammer and chisel, and pieces from each level were quickly taken and placed in test tubes
which were sealed with rubber plugs. It was essential that the samples should be broken up and
placed of in the test tubes quickly so that no moisture would be lost from the samples.
The next day RH probes were inserted into the test tubes. The measuring instrument was read
when the system of samples, air in the test tubes and probe had reached equilibrium. The probe
will relatively quickly reach equilibrium with the moisture level in the air in the test tube; what
took the longest time was for the moisture to leave the concrete samples and reach equilibrium
with the air in the test tube. It usually took about 24 hours before equilibrium was reached and
the instrument could be read. The values obtained from the instrument were then converted into
RH with reference to calibration curves. For this method, RH-probes HMP 36 and hand
instrument HMI 31 from Vaisala were used.
3.

MEASUREMENT RESULT

The measurements described in this paper were made in a number of buildings in central and
southern Sweden during investigations of poor indoor environments. The main objective of the
measurements was to demonstrate abnormal moisture levels and the presence of stored VOC in
the concrete floor structure, i.e. to show whether there is moisture damage which has produced
and stored degradation products in the floor, with the potential consequence of adversely affect
indoor air quality at longer times.
3.1

Partition coefficient K

In situ measurements
Measurements A and B were made in situ in 2004 on the concrete slab in an office building in
Sweden, built in 1979. During a renovation in 2001, bonded PVC flooring was laid on all floors
in the building; this was also done in those areas of the building in which the concrete slab had
had no flooring previously. Some time after the renovation, staff complained that they suffered
from building related health problems of the SBS type when they were in the building. In a
preliminary investigation, VOC from degraded adhesive was identified by the working
environment engineer as a likely source of pollution in the indoor air.
Five rooms of the building were investigated. At all locations, RH and VOC contents in the
concrete were determined using the methods presented above (both the VHM and FHM methods
were used to measure the VOC concentrations).
When holes were made in the floor construction, it was found that at points A1 and A2 parts of
the concrete slab were ca 100-130 mm thick and were laid on expanded plastics insulation. At
these points the measurements showed that the moisture level in the concrete was ca 77-84%
RH throughout, as shown in Tables 1 and 2; this is below the critical limit of 85% RH which is
usually specified for bonded PVC flooring. In other parts of the concrete slab there was no such
insulation and the slab rested directly on damp gravel without any moisture barrier. At
measurement point B1 the concrete slab was ca 400 mm thick, and at the other two points (B2,
B3) it was ca 110-120 mm thick. Moisture levels in the concrete where it had been laid directly
on the gravel were very high, around 93 - <95% RH.
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The results of measurements at all measurement points, A1 – B3, by both the FHM and VHM
methods, are set out in Tables 1 and 2. It is evident from these results that there is a high
concentration of VOC at all points near the surface, and that concentration diminishes with
depth. This behaviour is, in general, the same for both n-butanol and 2-ethyl-1-hexanol, and is
reflected in the same way in the results from both measurement methods. At a depth of ca 100
mm, the concentration of VOC in the concrete is much lower than at the surface, but in most
cases it had penetrated even to this depth.
Before the renovation in 2001, the floor had been covered by PVC flooring in the area around
measurement point A1. Around points A2 and B1 the concrete floor had had no covering at all.
The floor around point B2 had previously had an application of clear epoxy varnish, and around
point B3 there had been a rubber mat.
Table 1. Content of n-butanol and 2-ethyl-1-hexanol stored in a moisture damaged concrete
slab. Moderate moisture level, about 80 % RH in the concrete subfloor.
Label
A1-1
A1-2
A1-3
A1-4
A2-1
A2-2
A2-3
A2-4
mean
std dev

Depth
mm
0-15
25-40
50-70
80-100
0-15
25-40
50-70
80-100

RH
(%)
77.0
78.0
80.0
79.0
78.5
80.5
83.0
83.5
79.9
2.3

VHM
·10 -3
kg/m 3 mtrl
12.0
3.0
3.2
3.0
4.4
2.8
-

1-butanol
FHM
·10 -6
kg/m 3 air
1.4
1.4
1.3
0.9
1.3
1.2
0.8
0.6

K
·10 3
8.54
2.14
2.48
3.32
3.36
2.30
3.96
2.43

2-etyl-1-hexanol
VHM
FHM
·10 -3
·10 -6
K
3
kg/m mtrl
kg/m 3 air
·10 3
66.7
0.79
84.4
34.5
0.6
57.5
25.3
1.4
18.1
16.1
0.46
35.0
110
1.1
100
25.3
0.6
42.2
9.9
0.23
43.0
0.18
54.4
28.9

Table 2. Content of n-butanol and 2-ethyl-1-hexanol stored in a moisture damaged concrete
slab. High moisture level, about 95 % RH in the concrete subfloor.
Label
B1-1
B1-2
B1-3
B1-4
B2-1
B2-2
B2-3
B2-4
B3-1
B3-2
B3-3
B3-4
mean
std dev

Depth
mm
0-15
25-40
50-70
80-100
0-15
25-40
50-70
80-100
0-15
30-45
50-70
80-100

RH
(%)
93.5
93.5
93.0
94.0
95.0
95.0
95.0
>95
94.0
>95
>95
>95
>94.4
>0.8

VHM
·10 -3
kg/m 3 mtrl
43.7
22.1
15.2
5.30
48.3
36.8
25.3
20.9
46.0
32.2
18.9
32.2

1-butanol
FHM
·10 -6
kg/m 3 air
31
19
12
6.3
47
32
36
26
48
29
22
19

K
·10 3
1.41
1.16
1.27
0.84
1.03
1.15
0.70
0.81
0.96
1.11
0.86
1.69
1.08
0.28

2-etyl-1-hexanol
VHM
FHM
·10 -3
·10 -6
K
kg/m 3 mtrl
kg/m 3 airl
·10 3
214
9.0
23.8
101
4.2
24.1
57.5
2.4
24.0
14.7
1.1
13.4
172
13
13.3
85.1
3.6
23.6
34.5
2.9
11.9
13.8
1.1
12.6
71.3
4.8
14.9
8.30
0.55
15.1
0.40
0.18
17.6
5.43
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When the building was constructed in 1979, it was usual in Sweden to lay insulation only under
certain parts of a building, the primary task of which was to save energy, but it also protected
the concrete slab from rising damp from the soil. This was utilised later on in moisture resistant
design. The fact that impervious PVC flooring was now laid at all places is decisive for the high
moisture level in some parts of the floor. Soil moisture that rises up through the floor cannot
now evaporate into the room air but remains below the flooring and creates a very high moisture
level which, together with the alkaline environment in the concrete, decomposes the polymer
chains in the floor adhesive and, to some extent, the plasticisers in the plastic flooring. Björk et
al /14/, Sjöberg /6/.
Theoretical evaluation
Since measurements have been made of both the content of VOC in the concrete (VHM method)
and the free concentration of VOC in air in equilibrium with the concrete (FHM method), the
partition coefficient K [-] can be evaluated according to the equation
K=

C

mtrl
c
air

g
m3mtrl 
 ⇒ [ −]
 voc
g
m3air 

 voc

(1)

where Cmtrl [gvoc/m3mtrl] is the total content of a particular VOC per volume of material, and cair
[gvoc/m3air] is the concentration of a particular VOC per volume of air. As explained in paragraph
2.1, K embeds the contributions of adsorption at the pore surfaces, and absorption in the water
filling some pores. In the field of indoor air quality, it is generally accepted that concentrations
are low enough so that each of these sorption processes can be described through the definition
of partition coefficients between the air-phase on the one hand, and the solid-phase or liquid
phase on the other hand; Finally, K represents here the global binding capacity of the concrete
for the measured moisture level (RH determines the amount of condensed water as well as the
surface area available for VOC adsorption onto the pore walls).
In this study, this is done by calculating the ratio of pairs of values measured at the same point
and at the same depth by the two methods VHM and FHM. These are set out in Tables 1 and 2.
It is shown that a moist concrete (ca 95 % RH) has a mean value of approximately K = 1.1·103
[-] while a drier concrete (85%RH) has K = 2.8·103 [-]. If the concrete evaluated above has a
considerably lower moisture level, the higher values of the partition coefficient (23·103) may
very well be correct for the drier concrete.
3.2

Effective Diffusion coefficient D

In situ measurements
Measurements at points C-E were made in situ in a concrete slab laid on the ground in three
different buildings. In all buildings the users had reported building related health complaints of
the SBS type when they were present in the building. VOC from degraded floor adhesive was
suspected to be a likely source of the pollutants in indoor air. These measurements were
described for the first time in Sjöberg /11/.
Building C was a newly constructed hospital building where the staff, soon after moving in,
began to experience symptoms of the SBS type in operating theatres etc where PVC flooring
had been bonded to the floor for reasons of hygiene. This type of flooring is considered easy to
keep clean in hospital premises since it can be laid with a portion drawn up along the wall and
with welded joints which makes it possible for frequent wet cleaning to be carried out. Sampling
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in this building was performed when emission damage was about 1 year old. Moisture level in
the slab was ca 78% RH in the surface and ca 85% RH lower down in the slab. By making a
back calculation of moisture transport, the investigating consultant could show that moisture
level in the slab at the time the flooring was laid was considerably higher and exceeded the
critical value of 85% RH for applying the adhesive for the PVC flooring.
Building D was a supervised accommodation building with the slab on the ground, with
underlying insulation and underfloor heating. About 3.5 years after completion, the staff
experienced such SBS and odour problems that the flooring was removed. The adhesive had lost
almost all its tensile strength and was almost completely saponified. There was a strong pungent
smell which the damage investigator identified as 2-ethyl-1-hexanol. At the time of the
investigation, moisture levels were ca 91% RH at the concrete surface and 87% RH lower down.
However, the investigation did not show whether or not the concrete had been much wetter
earlier.
Building E was a school building constructed in the 1980s. The foundation construction was a
slab on the ground with underlying insulation and PVC flooring bonded directly to the concrete
floor. After about ten years, the users experienced building related health problems of the SBS
type, and a damage investigator was called in. The preliminary assessment was alkaline
hydrolysis of the floor adhesive. The investigation found that this was an old moisture damage
which had been much wetter but has now "dried up". At the time of investigation the moisture
level measured in the floor was ca 90% RH throughout the floor construction.
Pieces of concrete were taken from these concrete slabs at different depths and analysed with the
FHM method for moisture level and VOC in the concrete. The results are shown in Figs. 2-4. In
these results also it can be seen that there is a high concentration in the measurements nearest
the surface, and a decrease in concentration with depth. In Buildings C and D the concentration
of VOC at a depth of 100 mm is very near zero, while in building E which is much older
penetration had also reached this depth. Distribution profiles of both n-butanol and 2-ethyl-1hexanol have the same shape at all meassurement points. The spread of results at the same
depth, which can be seen in Fig. 2-4, is probably due to the facts that samples had at times been
taken from different places (cores) in the same room and sometimes from different places of the
same core. If they originate from different parts of the same core, it is possible for the sample to
have been taken from the area near the surface where it was exposed to an elevated temperature
and may have lost some of its VOC content.
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2a. Sample C. Distribution profile of nbutanol, ca 1 year old moisture induced
damage.

100

0

0

20

40

60

Depth in concrete [mm]

80

100

2b. Sample C. Distribution profile of 2-ethyl-1hexanol, ca 1 year old moisture induced
damage.

70

60

4

EtHx 10-6 [kg/m³]

BuOH 10-6 [kg/m³]

50
40
30
20

3

2

1

10
0

0
0

20

40

60

Depth in concrete [mm]

80

100

3a. Sample D. Distribution profile of nbutanol, ca 3.5 year old moisture induced
damage.

0

20

40

60

Depth in concrete [mm]

80

100

3b. Sample D. Distribution profile of 2-ethyl-1hexanol, ca 3.5 year old moisture induced
damage.

3

1,0

EtHx 10-6 [kg/m³]

BuOH 10-6 [kg/m³]

0,8
2

1

0,6
0,4
0,2

0

0

20

40

60

Depth in concrete [mm]

80

4a. Sample E. Distribution profile of nbutanol, ca 10 year old moisture induced
damage.

100

0,0

0

20

40

60

Depth in concrete [mm]

80

100

4b. Sample E. Distribution profile of 2-ethyl-1hexanol, ca 10 year old moisture induced
damage.

Figures 2-4. In situ measured distribution profiles of cair in concrete substrate from three
different buildings. The dots in the graphs are values measured with the FHM method and the
curve is the best fit to the error function with the method of least squares.
Evaluation of D
The results of the measurements with method FHM on samples of the concrete slab from
buildings C – D show that VOC from decomposition of the adhesive had penetrated deep into
the concrete, about 50 – 100 mm. According to Crank /23/, the effective diffusion coefficient
(D) can be evaluated with reference to Fick's second law. For such an evaluation it is necessary
to know the penetration profile for a specific compound which has formed during incremental
changes in a semi-infinite medium.
Under the assumption that the surface concentration cS (gvoc/m3air) in the air-phase of the pores at
the boundary layer between flooring and concrete surface had changed in stages from the initial
value 0 to a constant value which then remained unchanged during the whole period, the
fundamental incremental change requirement is satisfied. In view of the fact that the
concentration at the bottom of the measured profiles, 100 mm from the surface, is very low, the
depth of the slab may be considered infinite in this respect.
Fick's second law can then be solved with Equation 2 according to Crank /23/; this is the
complement to the "error function".
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In Fig. 5, the complement to the error function has been calculated for a number of different
combinations of D·t where t is the time during which the surface concentration was high after
the incremental change.

Figure 5. Solution of Fick's second law with the complement to the error function. The figures
along the curves are the values of D · t; see Equation 2.
The best fit to the measured values for buildings C – E is plotted as a solid curve in Fig. 2 - 4.
Curve fitting was performed by the method of least squares for differences in concentration at
the different depths.
Surface concentration (cs) for n-butanol was higher than for 2-ethyl-1-hexanol in all buildings,
2-49·10-6 (kg/m3) as against 0.9-5.8·10-6 (kg/m3). In spite of this the penetration depth and the
shape of the distribution profiles were almost exactly the same, which means that D is of the
same order of magnitude for n-butanol and 2-ethyl-1-hexanol in this study, see table 3. The
effective diffusion coefficient D is in the range of 4-16·10-12 (m2/s) for n-butanol and 3-19·10-12
(m2/s) for 2-ethyl-1-hexanol.
Table 3. Measured and evaluated properties of n-butanol (BuOH) and 2-ethyl-1-hexanol (EtHx)
in buildings C– E.
Building
C
D
E

Age
(year)
1
3.5
10

RH
[%]
78-84
87-91
ca 90

C S (·10 -6 kg/m 3 mtrl )
BuOH
EtHx
10
5.8
49
3.3
2.0
0.9

D (·10 -12 m 2 /s)
BuOH
EtHx
16
19
4.1
3.6
5.2
8.4

The assumption regarding incremental change may not fully be correct, the surface
concentration (cs) which has been calculated may be seen as an effective mean value. The test
specimens were in the range of 1 – 10 years old when the samples were taken. The
concentration below the flooring may have changed during these years. The concrete may have
dried out through the flooring in some cases, so that the reaction and thus the production of
VOC had ceased.
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The effective diffusion coefficient (D) which has been evaluated may also be a mean value for
variable moisture conditions. The rate of penetration of VOC down into the concrete has
probably been affected by the redistribution and drying of moisture in the concrete.
4.

DISCUSSION

4.1

Measurement methods

As regards reliability, the results of measurements by the two methods appear to be of equal
validity. Both methods gave relatively good agreement with expected values when profiles were
measured at several levels or at several measurement points on the same damaged floor,
although individual values may be different. To some extent, this provides confirmation that,
physically, the gas-phase concentration is linearly correlated to the total VOC content of the
material through the computed partition coefficient K. If the aim of the measurements is only to
find whether there are elevated contents of VOC in the concrete, and to determine the
penetration depth and the appearance of the profile, the methods may, on the whole, be regarded
as equivalent. If, instead of this, the intention is to determine the partition coefficient (K), then
it is necessary to apply the two methods..
Sampling in the field was considerably easier with the VHM method where it is possible to use
drill cuttings of powder consistency which are produced when a hole ca 12 mm in diameter is
cut with a normal hammer drill. It was easy to collect the cuttings from different depths and to
put them into the small vials that are used for this method. On the other hand, the FHM method
necessitates the use of a core drill and careful removal of a core without water cooling. This type
of dry drilling is something that most operators want to avoid since it exposes the expensive
equipment to hard wear.
Transport to the remote laboratory was also easier with the VHM method since these vials were
only a fraction as large as the flasks used in the FHM method – 21 ml vials for VHM as against
250 ml flasks for FHM. This makes it much easier to pack the containers in such as way that
there is no risk of breakage during transport by post. The FHM flasks also contain whole pieces
of concrete which should preferably not rub against one another and crumble to powder, since
the binding capacity of the material can then change markedly. With the VHM, the collected
sample is preferably already in powder form since the subsequent extraction and analysis take
place in a way that permits this.
Sample preparation in the laboratory and analysis of the headspace was much quicker with the
VHM method, a few hours compared with several days for the FHM method. It can thus be
concluded that the VHM method is the most practical and easy to use, especially for an
unfamiliar user who only needs to make measurements in a few places.
4.2

Partition coefficient and storage capacity

The partition coefficient (K) for concrete is different for different gases; generally speaking, 2ethyl-1-hexanol was found to have a value ca 10 times higher than n-butanol. This means that,
for the same quantity of these compounds stored in the material, the concentration of n-butanol
in the air in the concrete pores, under equilibrium conditions, is ca 10 times higher. Conversely,
if the equilibrium concentration of these compounds in air is the same, there is about 10 times
more ethylhexanol stored in the concrete under equilibrium conditions.
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According to Sjöberg /11/ the partition coefficient may also be evaluated out of the diffusion
coefficient in concrete for VOC in the gas phase, δ [m2/s] together with the effective diffusion
coefficient for VOC in concrete, D [m2/s], Eq. 3. It is important that the same types of materials
should have been evaluated in the different cases, since there are a large number of different
concrete types with great variations in different types of material related properties.

K=

 m2

2
 m

δ
D

s

 ⇒ [ −]

s 

(3)

The diffusion coefficient in normal house building concrete (water cement ratio approx 0.6 –
0.7) for n-butanol, δ is determined as 93·10-9 m2/s by Sjöberg /11/, Sjöberg & Nilsson /22/. The
effective diffusion coefficient (D) for n-butanol in the same concrete is in the range of 4-16·10-12
m2/s according to Table 3.
This means that the partition coefficient (K) for n-butanol in concrete should be in the
range of 5.8 – 23·10 3 [-]. Based on this assessment, the results presented in tables 1
and 2 seem to be reliable if it is borne in mind that there is probably a variation in the value of
K between concretes of different moisture levels, as shown by Tables 1 and 2.
The moisture level in the concrete was also found to have great influence on the size of the
storage capacity for these two compounds. At a moisture level of ca 80% RH (A1-A2), the mean
value of K for n-butanol was 4.0 ± 2.4, with an outlier that distorts the standard deviation, and
54.4 ± 28.9 for ethylhexanol. At a moisture level of ca 95% RH (B1 – B3), the corresponding
values of K for n-butanol were 1.1 ± 0.3 and for ethylhexanol 17.6 ± 5.4. On the other hand, the
data presented in Table 1 and Table 2 indicate that the VOC contents of the concrete samples is
from 3 to 3.5 times higher when the moisture level increases from ca 80 kg/m3 to about 110
kg/m3. In other words, the actual storage capacity of concrete (Cmtrl) increases with increasing
humidity, although the intrinsic binding capacity of the material (K) is significantly lowered at
higher humidity. The explanation most probably lies in the dual effects of moisture. When
relative humidity is increased, both the water vapour concentration in the air-phase of the pores
and the liquid water content of the material are increased. Consequently, the surface area
available for gas adsorption at the pore surfaces is decreased and the competition between water
vapour and VOC molecules for adsorption on the active sites of the pores is stronger. The
combined effects of these two phenomena are reflected in lower K values. On the other hand,
the increased water content favours the VOC absorption in the pores. Higher values of Cmtrl at
high moisture levels indicate that this is probably the dominating process or, in other words, that
the decrease in the amount of VOC adsorbed is largely offset by additional absorption in the
aqueous phase.
This moisture related effect on K in concrete has also been demonstrated by Sjöberg /24/). The
above values of the absolute moisture content of concrete, at different RH, are to be regarded as
typical values that may however vary slightly depending on concrete type and quality.
4.3

Transport coefficient

In Table 3 there is an indication that the effective diffusion coefficient (D) for both n-butanol
and 2-ethyl-1-hexanol is higher when the moisture level in concrete is lower. D for n-butanol is
ca 3-4 times higher at about 80% RH than at ca 95% RH. For 2-ethyl-1-hexanol, the coefficient
is of the order of 2-5 higher at the lower moisture level.
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If a comparison is made instead of the difference in diffusion coefficient in concrete for VOC in
the gas phase, δ [m2/s], the difference between different moisture levels is even greater. For nbutanol at ca 90% RH, δ is ca 5·10-9 (m2/s) if the measured values are substituted into Equation
3. At ca 80% RH, the correspondiong value of δ is ca 64·10-9 (m2/s), i.e. about 13 times higher.
For 2-ethyl-1-hexanol, the corresponding values are ca 110·10-9 (m2/s) at 95% RH and 1050·109
(m2/s) at 80% RH, i.e. the values are of about 9.5 higher.
This moisture dependent variation is probably related to the proportion of the pore system of
concrete that is filled with liquid. Normally, concrete contains about 15% pores. As a rough
estimate, two-thirds of these pores may be said to be filled at 95% RH if it is estimated that the
concrete then contains 110 kg water per m3, but to be only half filled at 80% RH when the
concrete contains ca 80 kg water per m3.
5.

SUMMARY

All in all, the evaluated material coefficients K, D and δ show that when moisture damage
occurs, the concrete is damp and has a low rate of moisture transport, which means that
transport down into the concrete takes a long time. This is however compensated for by the high
storage capacity of moist concrete which means that it can bind large quantities of VOC per unit
volume, probably in some sort of liquid phase in the pores. When the moisture later on dries out,
the moisture content of concrete decreases and the rate of transport increases. The probable
result of this is that the decomposition products rapidly penetrate deeper into the concrete if
there is an airtight flooring on top of the concrete slab. If, however, the flooring has been
removed or replaced by a material that is more permeable, more of the stored decomposition
products will instead be emitted from the floor surface and will be removed by the general
ventilation system in the premises.
Under these conditions, it is of the greatest importance that the general ventilation should have a
sufficient rate of flow to collect the emissions from the floor and remove them from the
building. In buildings with stored pollutants in the floor, it is therefore highly inadvisable to
make use of the extract air from rooms with emission damaged floors and to use this as part of
the return air in the building in order to reduce running costs in this way.
In conclusion, it should be pointed out that this paper does not discuss what measures should be
taken in buildings with stored pollutants in concrete floors. Great care should be instead be
taken in selecting such measures, with reference to the quantity of stored pollutants, the rate of
flow of general ventilation and the type of use of the building. The occupants of residential
buildings, schools or offices often have greater demands regarding the quality of indoor air than
workers in a factory or warehouse.
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ABSTRACT
This paper presents a numerical tendency model for evaluation of
heat and strength development for concrete containing fly ash in different amounts. With the presented model, parameters for heat and
strength development calculations in early age can be calculated. It
facilitates the possibility to evaluate e.g. form removal times and estimations of need for protection against early freezing for concrete
mixes containing fly ash in different amounts.
Keywords: Flyash, heat of hydration, strength growth, early age concrete, hardening control

1 INTRODUCTION
1.1 Objectives and Scope
The main objective with the work presented in this paper is to establish a numerical tendency
model for heat development and strength growth in concrete containing fly ash in different
amounts and the paper is a part of [1].
Fly ash in concrete is not common in Swedish concrete production, mainly because of the lack
of national produced fly ash. However, there is an increased interest among concrete producers
to use fly ash in concrete, mainly as a replacement of a part of the cement content. A tendency
model is needed to assess the effects of using fly ash in different applications. The strength, as
well as generated heat, is dependent on the fly ash content in relation to the cement content, and
a model to predict strength and heat have to consider the actual binder composition in a consistent way.
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The presented tendency model is based on laboratory tests were the heat development is tested
with semi-adiabatic tests and the strength development is measured by compression tests of
cubes cured in water at different temperature levels. Tests have been performed on concrete with
two different water-to-cement ratios containing fly ash in four different amounts; 6, 11, 25 and
40 % of the cement content. Further, tests have been performed on concrete mixes composed
with two different efficiency factors; 0.4 and 0.8.
The tested mixes are composed with one type of fly ash, one type of aggregate, one type and
dosage of superplastiziser as well as one type of cement with the aim to evaluate the pure effect
from the fly ash content in combination with two levels of equivalent water-to-cement ratios.
The tendency model is expected to reflect the combination of variable fly ash and variable water
content. The tests have been performed on the Swedish Anläggningscement and similar cement
types are available in Norway and Denmark. The used fly ash is from Germany and the used
aggregate is a Swedish crushed aggregate.
This part of the paper, Part I, is limited to the development of the numerical tendency model.
Part II of this paper [2] contains an application of the suggested tendency model on an assumed
civil engineering structure where form stripping times and the risk for early freezing is calculated for different amounts of fly ash. In Part II the tendency model is also applied on another
group of concrete.
1.2 Heat development and strength growth
Hydration in concrete is an exothermic chemical reaction. A few hours after the concrete have
been mixed, the reaction between water and cement starts to generate heat and the strength
growth begins. The strength development is strongly related to the heat development, which is
influenced by the chemistry of the binder and by the curing temperature. The temperature effect
on the rate of hardening can be expressed by the temperature factor, which also is known as the
“maturity function”.
For the hardening control of young concrete, the knowledge of the maturity and the temperature
development is essential to be able to plan and control the production properly. It involves estimations of form removal times, assessments of necessary times for moisture curing of the concrete surface, and estimation of conditions to avoid too early freezing of the young concrete.
1.3 The effect of fly ash on young properties
Fly ash is a pozzolanic material, which means that it reacts with the calcium hydroxide Ca(OH)2
that is produced when cement reacts with water. When fly ash reacts with Ca(OH)2, calcium
silicate hydrate (CSH) is formed, which means that the content of the durable material (CSH)
increases in the concrete, [3] and [4].
The in-corporation of fly ash in concrete can be performed in three different ways, [5]:
•
•
•

Exchange cement with fly ash by weight on a 1:1 basis
Exchange parts of the cement and parts of the aggregate
Adding fly ash in addition to the cement as a part of the fine aggregate
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According to [6] fly ash contributes to the concrete strength in three different ways; by a water
reduction because demanded workability can be received at lower water contents when fly ash is
added, by an increased effective paste volume and by the pozzolanic reaction. The first two will
influence the early concrete strength while the latter will contribute to increased long-term
strength.
Any replacement of Portland cement with fly ash in concrete will influence the compressive
strength, and the strength growth may be low in the beginning, but the growth usually continues
up to at least 6 months [5]. It is well known that in order to maintain the 28-days compressive
strength the amount of fly ash added always exceeds the amount of cement removed [6]. This
points out that the relation between fly ash and cement is one of the decisive parameters describing the strength growth.
2 LABORATORY TESTS
2.1 Material properties and Test program
Concretes containing different amounts of fly ash can be characterized by the equivalent waterto-cement ratio, w0/Cequ, calculated according to Eq. 1. In recommendations and codes the efficiency factor in Eq. 1 is given specific values.
w0
w0
=
Cequ ( C + k ⋅ FA )

(1)

where w0= mixing water content [kg/m3], Cequ= equivalent cement content [kg/m3], C = cement
content [kg/m3], FA = fly ash content [kg/m3], and k = efficiency factor [-]. Also the allowed
maximum content of fly ash is regulated in recommendations and codes with different values
depending on the application situation.
The tests have been performed due to the test program presented in Table 1, where two different
equivalent water-to-cement ratios with four different fly ash contents have been included. This
generates 18 different mixes. For each value of w0/Cequ, either 0.4 or 0.5, the water content and
the equivalent cement content have retained constant. The use of an efficiency factor less than
one will result in an increase of the total binder (cement plus fly ash) content, and in the present
test series the effects of using k = 0.4 and 0.8 are investigated, where k = 0.4 is according to [8].
With the limitations in [8], i.e. k = 0.4, the effect of fly ash regarding heat reduction may not be
fully utilized because the total binder content will increase when only part of the fly ash is allowed to be included in the water-to-cement ratio. The demands in [8] are based on the demands
on 28-day compressive strength, which means that the combination of demanded 28-day compressive strength together with a significant heat reduction is difficult to achieve.
The water-to-cement ratio, w0/C, is calculated by rearrangement of Eq. 1 as
w0
w0 
FA 
=
⋅ 1 + k ⋅

C Cequ 
C 

(2)
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All tests presented here are produced with concrete based on the Swedish cement type
Anläggningscement Std P Degerhamn CEM I 42.5 N MH/SR/LA, produced by Cementa AB
aimed for civil engineering structures, and the fly ash is black coal fly ash from Rostok, Germany, produced by Warnow-Füller. It fulfils demands according to SS-EN 450 [7] and is allowed for concrete production according to demands stated by SS-EN 206 [8]. The aggregates
are Swedish crushed aggregates.
Air entraining agent has been included in all mixes. In the numerical evaluation, the amounts of
the constituents have been slightly revised with respect to the measured air content.
Table 1 - Mix compositions for performed heat development and strength growth tests
FA
kg/m3

k

C
kg/m3

0.40

-

430

-

0.40

0.4

420

25.2

0.11

0.40

0.4

412

45.3

0.25

0.40

0.4

391

97.8

5

0.40

0.40

0.4

370

148

6

0.06

0.40

0.8

410

24.6

7

0.11

0.40

0.8

395

43.5

8

0.25

0.40

0.8

358

89.5

9

0.40

0.40

0.8

326

130

FA/C

W0/Cequ

1

0

2

0.06

3
4

Mix No.

10

0

0.55

-

370

-

11

0.06

0.55

0.4

361

21.7

12

0.11

0.55

0.4

354

38.9

13

0.25

0.55

0.4

337

84.2

14

0.40

0.55

0.4

319

128

15

0.06

0.55

0.8

353

21.1

16

0.11

0.55

0.8

340

37.4

17

0.25

0.55

0.8

308

77.0

18

0.40

0.55

0.8

280

112

2.2 Heat development
Due to chemical reactions between cement and water, heat is generated during the hardening
process of concrete. The heat development can be determined with calorimetric methods and in
this paper a semi-adiabatic method has been used. Cylinder samples of concrete have been cured
under semi-adiabatic conditions, and the temperature in the samples has been registered. After
about two weeks the specimen has been heated, still situated inside the semi-adiabatic equipment, and the cooling phase has been registered. The exchange of heat with the surroundings
during the hydration phase, expressed by the so called heat cooling ratio, is then possible to calculate. This is realized to be able to compensate for the loss of heat during the test period, see
further [9].
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All tested mixes are evaluated regarding generated heat for the total binder content, expressed as
a function of temperature equivalent time, te, by Eq. 3 from [10].


W
t −κ 
WB = tot =WU ⋅ exp  −λ1[ln(1 + e )] 1 
B
t1



(3)

where WB = generated heat by weight of binder [J/kg], B = binder content, here the sum of cement and fly ash content [kg/m3], Wtot = generated heat at testing [J], WU [J/kg], t1 [h], and κ1 [-]
are individual fitting parameters valid for each tested mix. λ1=1 [-] has been used for all evaluations because it is not an uncoupled parameter. For the denotation te, see further Eq. 5.
2.3 Strength Growth
The strength development in concrete is influenced by the temperature. By curing in different
temperatures and testing the compressive strength, it is possible to determine the effect of temperature on the strength development and to determine the maturity function.
Concrete cubes of 100x100x100mm are stored in three different water temperatures: 5°, 20° and
35°, respectively. The concrete temperature is registered continuously and the strength development is studied by testing the compressive strength at four occasions between 8 and 168 h
after casting. Additional cubes are cured under water in 20°C to determine the 28-day and 91day compressive strength. All cubes are tested wet.
The strength growth for all tested mixes is evaluated according to Eq. 4, where the lower formula is proposed by [11]. The upper formula for te ≤ tA is intended for very early age strength
estimations to be able to assess trowelling and slipform actions, but here no measurements are
performed in this region.

f

cc

(te ) =

 (t / t )n A ⋅ f
A
 e A


 

672 − tS
exp  s ⋅ 1 − t − t
e
S

 

for 0 ≤ te < t A

  ⋅ f 28
 

(4)
for te ≥ t A

where f28 [MPa], s [-], tS [h], tA[h] and nA [-] are fitting parameters. The magnitude of fA [MPa] is
calculated using the lower formula in Eq. 4 for te = tA.
2.4 Maturity Function
The properties of the hardening concrete are here based on the maturity concept expressed by
the temperature equivalent time, te, described by [12] as
(5)
=
t
β ⋅ dt
e ∫ T
t
where t = time [s, h or d], βT is the factor for temperature sensitivity, often called the maturity
function, which can be expressed [13] and [14] by:
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1
1 
−
exp θ ⋅ (
293 T + 273 

0


βT = 

for T > -10  C

(6)

for T ≤ -10  C

where (Jonasson, 1984)
 30 

 T + 10 

θ = θ ref ⋅ 

κ3

(7)

where θref [K] and κ3 are fitting parameters according to best fit with test data.
3 NUMERICAL TENDENCY MODELS
3.1 Maturity function
For the tested mixes, Nos. 1-18, the maturity function has been evaluated by analyzing the results from the strength development at varying temperature according the procedure described in
[9]. No significant variation between the tested mixes regarding the θ-value could be found. It is
thus concluded that the variation is randomly spread irrespectively from fly ash content or w0/C
ratio. All tested mixes are represented by the same maturity function plotted in Figure 1 by the
use of Eq. 7 with the following numerical values:

Maturity function, -

θ = 3870 K
For all concretes  ref
κ 3 = 0.57
2,5

Maturity 1-5
Maturity 6-9
Maturity 10-14
Maturity 15-18
Calculated

2
1,5
1
0,5

θref =3870

κ3=0.57
0

-10

0

10

20

30

Figure 1 - Maturity function valid for tested mixes 1-18.

40

50

Temperature, °C

83

3.2 Heat development

Heat of hydration, kJ/kg

Mixes 1-18 are individually evaluated in accordance with Eq. 3, and Figures 2-3 show the
evaluation for mix 1 and mix 11. It can be concluded that Eq. 3 satisfactory describes the hydration process. Calculations can recreate measured temperatures within approximately ± 1°C.
250

Mix 1, measured
Eq. 3

200

150

100

50

0

0,1

1

10

100

1000

Equivalent time, h

Heat of hydration, kJ/kg

Figure 2 - Individual evaluation of the heat of hydration for mix 1.
250

Mix 11, measured
Eq. 3

200
150

100
50
0

0,1

1

10

100

1000

Equivalent time, h

Figure 3 - Individual evaluation of the heat of hydration for mix 11.
Tendencies regarding the heat of hydration due to w0/C ratio and fly ash content have been
evaluated. In the tendency model the effect on the hydration heat is assumed to be separated into

84

effects of the w0/C ratio and of the fly ash content, respectively. This assumption makes it easier
to choose which formula to be used to model different observed effects in a consistent way.
The subsequent relations, Eqs. 8 – 14, describing the heat of hydration, with parameters for use
of Eq. 3, have shown to give a satisfactory agreement with the tested heat developments for the
concrete mixes 1- 18.
WU = Wref ⋅ γ w

(8)

κ1 = κ 0 ⋅ γ 1

(9)

with the following numerical expressions:
  w / C 2 
Wref = 275 − 20 ⋅ exp −  0
  [kJ/kg]
  0.65  
FA
(≥ 0.3)
γ w = 1 − 0.69 ⋅
C
  w / C 7 
κ 0 = 1.65 + 0.35 ⋅ exp −  0
 
0.55  
 


  FA / C  2  
γ 1 = 1 + 0.2 ⋅ 1 − exp − 
  

  0.8   

  w / C  25 
t1 = 8 + 2.7 ⋅ exp −  0
  [h]
  0.54  

(10)
(11)
(12)
(13)
(14)

W U,calc, kJ/kg

In Figures 4-6 the individually evaluated WU, t1 and κ1 are plotted versus the, for use in the tendency model, calculated values for mixes 1-18. The parameters evaluated in the presented model
show satisfactory agreement when compared with each individual evaluation.
300
275
250
225
200

Mix 1-5
Mix 6-9
Mix 10-14
Mix 15-18
Line of perfect fit

175
150
150

175

200

225

250

275

300

W U,ind kJ/kg

Figure 4 - Calculated WU,calc plotted versus the individually evaluated WU,ind for mixes 1-18.

t1, h
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14
12
10
8
6
4

Mix 1-5
Mix 6-9
Mix 10-14
Mix 15-18
Eq.14

2
0

0,2

0,3

0,4

0,5

0,6

0,7

0,8
w 0/C

κ1, calc, −

Figure 5 - Calculated t1 plotted versus the water-to-cement ratio.
3

Mix 1-5
Mix 6-9
Mix 10-14
Mix 15-18
Line of perfect fit

2,5

2

1,5

1

1

1,5

2

2,5

3

κ1, ind −

Figure 6 - κ1 plotted versus the individually evaluated for mixes 1-18.
Figure 7 shows the predicted heat of hydration calculated with the suggested tendency model
and it is compared to the measured values for mixes 1-5. It can be concluded that the heat of
hydration can be described acceptably with the presented model.

Heat of hydration, [kJ/kg]
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300

Mixes 1- 5

250
200
150
100
50
0

Measured
Tendency model

1

10

100

1000
Equivalent time, [h]

Figure 7 - Measured heat of hydration in comparison to the, with the tendency model calculated, heat of hydration for mixes 1-5.
3.3 Strength growth
The individual evaluation regarding the strength growth for mixes 1-18 has been performed with
Eq. 4. The results for mix 1 and mix 18, the mixes showing the highest and lowest 28-day compressive strength, are presented in Figures 8-9. It can be concluded that a satisfactory agreement
can be received by using Eq. 4 for all tested mixes up to the 28-day compressive strength. Satisfactory agreement can also be received for the 91-day compressive strength for concrete without
fly ash. For concrete with higher w0/C ratio containing fly ash, the increase in compressive
strength between 28 and 91 d will be relatively high. This increase can not be described with the
use Eq. 4 alone. The 91-day compressive strength is expressed with a separate formula, see further Eq. 25.
Tendencies regarding the strength development due to w0/C ratio and fly ash content have been
interpreted and a numerical tendency model has been established. Analogous with the numerical
tendency model for the heat development, the formulation of the strength growth is assumed to
be separable regarding effects of w0/C ratio and fly ash content. The dotted lines in Figures 8-9
are examples where the proposed tendency model is applied.
The numerical tendency model can be described by:
f 28 = f ref ⋅ γ

f

s = s0 + ( s1 − s0 ) ⋅ γ s

with the fitting parameters:

(15)
(16)
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0.378 
 
w 
f ref = 2700 ⋅ exp −  80 ⋅ 0 
 [MPa]
C 
 

FA
(≤ 1.2)
γ f = 1 + 0.35 ⋅
C
  w /C  5 
s 0 = 0.41 − 0.14 ⋅ exp - 0  
  0.5  
s1 = 0.36

(17)
(18)
(19)
(20)

  FA / C  2 
γ s = 1 − exp − 
 
  0.21  

(21)

Compressive strength, MPa


 FA / C 2  

 

[h]
t S = 3 + 2.5 ⋅ 1 − exp − 

  0.3   




t A = 1.5 ⋅ t S [h]
nA = 3

100

(22)
(23)
(24)

T=5, 20, 35 °C
f_28d
f_91d
Individually evaluated
Tendency model

80

60

40

20

Mix 1
0
1

10

100

1000

10000

Equivalent time, h

Figure 8 - Individually evaluated compressive strength for mix 1 with measured f28 = 73.8 MPa.
The dotted line is compressive strength calculated with the tendency model.

Compressive strenght, MPa
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T=5, 20, 35°C
f_28d
f_91d
Individually evaluated
Tendency model
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Mix 18
0
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10000

Equivalent time, h

Figure 9 - Individually evaluated compressive strength for mix 18 with measured f28 = 33.0
MPa. The dotted line is compressive strength calculated with the tendency model.

Calculated f 28d , MPa

In Figures 10-12, the measured f28 and individually evaluated s and tS are plotted versus the calculated values using the tendency model for mixes 1-18.
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Figure 10 - Calculated f28 plotted versus the measured for mixes 1-18
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Figure 11 - Calculated s plotted versus the individually evaluated for mixes 1-18.
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Figure 12 - ts as a function of the fly ash content.
The increase of 91-days compressive strength, an observed effect of higher fly ash contents, is
not reflected by Eq. 4. The needed additional formulas to catch this strength rise are expressed
as
(25)
f 91 = f 91,ref ⋅ γ 91
γ 91 = 1 + γ max ⋅ λ FA

(26)
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f91,ref is calculated with Eq. 4 for te =91d =2184h. γ91 is a parameter larger than one, which will
increase for increased the fly ash content.
The 91-day compressive strength is described with numerical parameters according to:


  w0 / C  5  
 
  0.54   

γ max = 0.42 ⋅ 1 − exp − 

(27)

λ FA

(28)



 FA / C 
= 1 − exp −

 0.16 

γ

91, calc

A comparison between individually evaluated and calculated enlargement factors for the 91-day
compressive strength is illustrated in Figure 13. It can be noticed that for mix 18 (=highest γ91
value in Figure 13), the increase is almost 40 % in comparison with the value only using Eq. 4.
The model is chosen to be most accurate for higher fly ash contents, as small amounts of fly ash
showed a higher variation in the tested results, see the lower-left part of Figure 13.
1,5

Mix 2-5
Mix 6-9
Mix 11-14
Mix 15-18
Line of perfect fit

1,4

1,3

1,2

1,1

1

1

1,1

1,2

1,3

1,4

1,5
γ

91, ind

Figure 13 - Calculated γ91 values using the tendency model plotted versus individual evaluated
values
4. CONCLUSIONS


The presented numerical tendency model is a useful tool for estimating heat and strength development when fly ash is added in varying amounts. The model is based on the effect from
water-to-cement ratio and fly ash content in relation to cement content.
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The suggested model is based on a test series where all parameters except the water-to-cement
ratios and fly ash content have been constant.



The suggested model is not a general numerical model valid for any type of concrete. To establish a more general model tests have to be performed studying all parameters that can effect the heat and strength development. For a given type of cement and a given type of fly
ash, such additional parameters may be type and dosage of superplastiziser and aggregate
type.
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Abstract
A recently presented numerical tendency model has been applied on
an assumed civil engineering structure. With the model parameters
for heat and strength development calculations in early age period
can be calculated. This paper shows the possibility to evaluate e.g.
form removal times and estimations of need for protection against
early freezing for concrete mixes containing fly ash in different
amounts, with different water-to-cement ratios and at different outer
conditions. The tendency model has shown to be a useful tool for
production planning for concrete containing fly ash.
According to the performed calculations, any replacement of cement
with fly ash will significantly influence the young concrete properties. The effect on delayed strength growth increases with the increased amount of fly ash and will also increase for lower temperatures. In addition, the effect from fly ash increases at higher water-tocement ratios
Keywords: Fly ash, heat of hydration, strength growth, early age
concrete, hardening control

1 INTRODUCTION
1.1 Objectives and Scope
In Part I of this paper [1], a tendency model for heat and strength development for variable fly
ash contents is presented. Data from a tendency model can be used in structural analyses to be
able to assess effects of using variable fly ash contents for different structures at different conditions as a part of a production planning. A tendency model facilitates the possibility to evaluate
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e.g. form removal times and the risk for early freezing for concrete containing fly ash in various
amounts.
The main objectives with the work presented in Part II of the paper are:
–
To use the tendency model from Part I for practical applications in an assumed structure
for calculations of form removal times and the risk for early freezing.
–
Compare the presented model with measured heat development and strength growth for
another group of concrete to investigate how many adjustments in the tendency model that
is needed to be used on concrete made of other materials.
Fly ash in concrete is not common in Swedish concrete production, mainly because of the lack
of national produced fly ash. However, there is an increased interest among concrete producers
to use fly ash in concrete, mainly as a replacement of a part of the cement content. A tendency
model is needed to assess the effects of using fly ash in different applications. This paper as well
as Part I [1] are also parts of [2].
1.2 Heat development and strength growth
Hydration in concrete is an exothermic chemical reaction. A few hours after the concrete have
been mixed, the reaction between water and cement starts to generate heat and the strength
growth begins. The strength development is strongly related to the heat development, which is
influenced by the chemistry of the binder and by the curing temperature. The temperature effect
on the rate of hardening can be expressed by the temperature factor, which also is known as the
“maturity function”.
For the hardening control of young concrete, the knowledge of the maturity and the temperature
development is essential to be able to plan and control the production properly. It involves estimations of form removal times, assessments of necessary times for moisture curing of the concrete surface, and estimation of conditions to avoid too early freezing of the young concrete.
1.3 The effect of fly ash on young properties
Fly ash is a pozzolanic material, which means that it reacts with the calcium hydroxide Ca(OH)2
that is produced when cement reacts with water. When fly ash reacts with Ca(OH)2, calcium
silicate hydrate (CSH) is formed, which means that the content of the durable material (CSH)
increases in the concrete, [3] and [4].
The in-corporation of fly ash in concrete can be performed in three different ways, [5]:
•
•
•

Exchange cement with fly ash by weight on a 1:1 basis
Exchange parts of the cement and parts of the aggregate
Adding fly ash in addition to the cement as a part of the fine aggregate

According to [6] fly ash contributes to the concrete strength in three different ways; by a water
reduction because demanded workability can be received at lower water contents when fly ash is
added, by an increased effective paste volume and by the pozzolanic reaction. The first two will
influence the early concrete strength while the latter will contribute to increased long-term
strength.
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Any replacement of Portland cement with fly ash in concrete will influence the compressive
strength, and the strength growth may be low in the beginning, but the growth usually continues
up to at least 6 months [5]. It is well known that in order to maintain the 28-days compressive
strength the amount of fly ash added always exceeds the amount of cement removed [6]. This
points out that the relation between fly ash and cement is one of the decisive parameters describing the strength growth.
2 LABORATORY TESTS AND NUMERICAL TENDENCY MODELS
2.1 Material
The tendency model presented in Part I [1] is based on laboratory tests performed on concrete
mixes with four different fly ash contents and with two different equivalent water-to-cement
ratios, which generates 18 different mixes. The use of an efficiency factor less than one will
result in an increase of the total binder (cement plus fly ash) content, and in the tests the effects
of using k = 0.4 and 0.8 were investigated. All tests were produced with concrete based on the
Swedish cement type Anläggningscement Std P Degerhamn CEM I 42.5 N MH/SR/LA, produced by Cementa AB aimed for civil engineering structures, and the fly ash is black coal fly
ash from Rostok, Germany, produced by Warnow-Füller that fulfils the demands according to
[7]. The used aggregates were crushed Swedish aggregate.
2.2 Laboratory tests and numerical tendency model
The calculations in this paper are performed with a numerical tendency model established in
Part I of this paper [1]. The performed laboratory tests and the established numerical tendency
model are fully described in Part I of this paper and are only briefly described here.
The heat development has been determined with calorimetric methods and for the tests presented in Part I a semi-adiabatic method have been used. Cylinder samples of concrete have
been cured under semi-adiabatic conditions, and the temperature in the samples has been registered. After about two weeks the specimen has been heated, still situated inside the semiadiabatic equipment, and the cooling phase has been registered. The exchange of heat with the
surroundings during the hydration phase, expressed by the so called heat cooling ratio, is then
possible to calculate. This is realized to be able to compensate for the loss of heat during the test
period, see further [8].
The strength development in concrete is influenced by the temperature. By curing in different
temperatures and testing the compressive strength, it is possible to determine the effect of temperature on the strength development and to determine the maturity function. Concrete cubes of
100x100x100mm were stored in three different water temperatures: 5°, 20° and 35°, respectively. The concrete temperature was registered continuously and the strength development was
studied by testing the compressive strength at four occasions between 8 and 168 h after casting.
Additional cubes are cured under water in 20°C to determine the 28-day and 91-day compressive strength.
From the laboratory test results, tendencies regarding the heat of hydration and strength development due to w0/C ratio and fly ash content have been evaluated. A tendency model for calcu-
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lations of the heat and strength development for various fly ash contents and water to cement
ratios has been established. The numerical tendency model for the heat development and for the
strength growth is assumed to be separable regarding effects of w0/C ratio and fly ash content.
This assumption makes it easier to choose which formula to be used to model different observed
effects in a consistent way.
3 THEORETICAL STUDY OF THE EFFECT FROM DIFFERENT FLY ASH CONTENTS
3.1 Choice of structure and mix composition
With the tendency model presented in Part I [1] of this paper, calculations are performed on an
assumed civil engineering structure, Figure 1. It comprises a bottom slab, walls and a top slab.
Calculations are performed in section A of the top slab and in section B of the wall. The top slab
is chosen to be 0.8m thick and the walls are selected to be 0.7m thick.
The calculation examples are based on two types of concrete with w0/Cequ = 0.4 and 0.5, respectively. For w0/Cequ = 0.4 the reference mix with 0 % fly ash contains 420 kg/m3 Portland cement
with a required 28-days compressive strength of 45 MPa. For w0/Cequ = 0.5 the reference mix
with 0 % fly ash contains 400 kg/m3 with a required 28-days compressive strength of 35 MPa.
Section A

0.8mm
w0/Cequ=0.40
w0/Cequ=0.50

w0/Cequ=0.40

Section B

0.7m

Figure 1 - Assumed civil engineering structure for the heat and strength development calculations at different temperatures and varying fly ash contents.
Cement is replaced by fly ash in three amounts, 11 %, 25 %, and 40 % by weight of the cement
content. The sum of cement and fly ash, C + FA, has been kept constant at the same amount as
in the reference mix, i.e. 420 kg/m3 and 400 kg/m3, respectively, with an efficiency factor of 0.4.
Material parameters for the usage of the computer program [9] are determined in accordance
with the tendency model presented in [1]. The mix composition and the calculated heat and
strength parameters are presented in Table 1.
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Table 1 - Mix composition and calculated material parameters used in computer program ConTest (2008).
0% Fly ash
w0/Cequ
C [kg/m3]
w0 [kg/m3]
FA [kg/m3]
k [-]
WU [J/kg]
λ1 [-]
t1 [h]
κ1 [-]
f28 [MPa]
s [-]
tS [h]
tA [h]
ηA [-]
θref [K]
κ3 [-]

0.40
420
168
0
261305
1
10.70
1.964
66.3
0.309
3
4.5
3
3870
0.57

0.50
400
200
0
263932
1
10.33
1.86
47.9
0.358
3
4.5
3
3870
0.57

11% Fly ash
0.40
378
157
42
0.4
241896
1
10.70
1.96
64.8
0.327
3.3145
4.972
3
3870
0.57

0.50
360
189
40
0.4
244430
1
9.76
1.832
46.5
0.367
3.3145
4.9717
3
3870
0.57

25% Fly ash
0.40
336
149
84
0.4
217096
1
10.68
1.97
63.0
0.352
4.2516
6.3774
3
3870
0.57

0.50
320
175
80
0.4
219474
1
8.55
1.812
44.9
0.365
4.2416
6.3774
3
3870
0.57

40% Fly ash
0.40
300
140
120
0.4
190401
1
10.64
1.993
61.1
0.359
5.0775
7.6162
3
3870
0.57

0.50
286
165
114
0.4
192569
1
8.01
1.809
43.2
0.361
5.0775
7.6162
3
3870
0.57

The calculated values of f28 in Table 1 show that the required strength values, f28 ≥ 45 MPa for
w0/Cequ = 0.4 and f28 ≥ 35 MPa for w0/Cequ = 0.4, are reached for all mixes.
3.2 Results for section A of the top slab
Assumed performance conditions and demanded target values
In section A of the top slab calculations are performed for the conditions illustrated in Figure 2;
formwork made of 25 mm wood at the bottom with wind velocity of 1 m/s below the formwork;
A free surface on the top exposed to air with wind velocity of 5 m/s. Calculations are performed
at four different outdoor temperatures; 0, 5, 10 and 15°C, and for two different w0/Cequ ratios,
0.40 and 0.50.
Section A

vair=5 m/s
T= 0, 5, 10, 15°C

Formwork: 25mm wood

T= 0, 5, 10, 15°C
vair=1 m/s

Figure 2 - Conditions used in the calculations for section A.
The results are evaluated considering the following assumed demanded values:
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Time when reaching 5 MPa in compressive strength at the top surface, which is employed as
the limit for early age frost protection for the actual situation.
 Form removal time regarding the demand of a sufficient average compressive strength of 70
% of the required strength at 28 d.
 Demands on surface moisture curing for T≥10 °C until the top surface reaches 50 % of the
required strength at 28 d.


The demands on the performance of a concrete structure may be stated in accordance with some
code or stated directly by the owner of the building object. However, calculations of the type
performed here can answer questions if, when and how any stated demand of the type described
here can be fulfilled, and the chosen demands shall only be regarded as an arbitrary set of possible demands. It is usually essential to get information if additional measures are needed or not
for a given situation.

Time [h]

Estimation of the risk for early freezing
The risk for early freezing occurs if the concrete freezes before reaching the stated demand of 5
MPa compressive strength. To get information to estimate the need for protection against early
freezing, it is important to calculate the time needed for the concrete to reach this limit. In
springtime or in the autumn, the temperature can reach 10°C during the day, but it can fall below zero during the night. The time needed to reach 5 MPa at different fly ash contents for temperatures between 0 and 10°C is plotted in Figures 3-4. From the figures it is seen that the time
to reach 5 MPa is delayed with higher fly ash contents and lower air temperatures. Note that it
takes about two days to get frost protection using 40 % of fly ash content at 0°C temperature for
w0/Cequ=0.40. The time for w0/Cequ=0.50 is further delayed with approximately ten hours. For
these cases, probably some measures should be taken to speed up the hydration rate, but this is
not studied here.
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Time to reach fcc=5 MPa

60
T=0°C

50
40

T=5°C

30

T=10°C

20
10
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w 0/Cequ .=0.40
0
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20

30

40

50

FA [% of cement]

Figure 3 - Time needed to reach 5 MPa, the demanded limit for protection against early freezing, for different fly ash contents and different outdoor temperatures for w0/Cequ=0.40.
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Figure 4 - Time needed to reach 5 MPa, the demanded limit for protection against early freezing, for different fly ash contents and different outdoor temperatures for w0/Cequ=0.50

Time [h]

Calculation of form removal times
The predetermined demand to allow formwork removal for the top slab is 70 % of the required
28-days compressive strength, which for this case with f28 = 45 MPa means 31.5 MPa, and for
f28 = 35 MPa the form stripping strength is 24.5 MPa. The calculated times to reach these demanded levels are presented in Figures 5-6.
300

Time to reach fcc=31.5 Mpa, [h]

250
200
T=0ºC

150

T=5ºC

100

T=10ºC

T=15ºC

50
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0

10

20

30

40

50

FA [% of cement]

Figure 5 - Time needed to reach 70 % of required f28 for different fly ash contents when the outdoor temperature is 0, 5, 10 and 15°C for f28 = 45 MPa.
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Figure 6 - Time needed to reach 70 % of required f28 for different fly ash contents when the outdoor temperature is 0, 5, 10 and 15°C for f28 = 35 MPa.
It can be concluded that the effect of the outdoor temperature on the strength development will
significantly increase when the fly ash content increases. In case of 0 % fly ash, the time needed
to reach 31.5 MPa and 24.5 MPa will only slightly increase when the outdoor temperature is
0°C in comparison to 15°C. When cement is replaced by 40 % fly ash, the time needed to reach
demanded form removal time will increase with a factor two if the temperature is 0°C compared
to 15°C for w0/Cequ = 0.40. For w0/Cequ = 0.50, the corresponding time delay is increased about
2.5 times. These delays mean that the use of high fly ash contents in low temperatures should
always be completed with analyses to form the basis for decisions how to act.
3.3 Results for section B of the walls
Assumed performance conditions and demanded target values
Calculations for section B in the walls are performed for the conditions illustrated in Figure 7.
Formwork made of 25 mm wood at both sides exposed to an air wind velocity of 5 m/s. As in
the example with the top slab, calculations are performed at four different outdoor temperatures;
0, 5, 10 and 15°C.

101

Symmetry line
Section B

T=

0°C
5°C
10°C
15°C

vair=5 m/s
Formwork: 25mm wood

Figure 7 - Conditions used in performed calculations for section B. Half of the wall is shown in
the figure.
The demand on surface moisture curing is assumed to be the time until 50 % of the required
strength is reached at the surfaces. The retained formwork is an accepted alternative to moisture
curing, which means that the form removal shall not be performed earlier than the demanded
time for moisture curing. However, form stripping might cause high tensile stresses and surface
cracking. The recommendation to limit the risk of surface cracking for walls, see [10], is that the
formwork shall not be removed during the first four days. Form removal times for walls will in
the calculation example be either four days or when the concrete has reached 50 % of required
28-compressive strength.
Calculation of form removal times
The resulting calculated times to reach half the required 28-days compressive strength is presented in Figure 8.

Time [h]
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Figure 8 - Time needed to reach 0.5⋅f28 at the surface of the wall, which is the demanded limit
for moisture curing.
For the analysed wall structure, all calculations performed reach a surface strength higher than
50 % of the required compressive strength within 4 days. So, in relation to the chosen demanded
moisture curing condition, the formwork removal demand connected to the risk of surface
cracking is here decisive. For other structures and other moisture curing demands the situation
might be different.
In Paper D appended in [2], submitted to the magazine Materials & Structures, the risk for early
thermal cracking for concrete containing fly ash is estimated for an assumed civil engineering
structure similar to the structure in this paper. In Paper D in [2] it is concluded that the mixes
containing fly ash had a higher heat development caused by increased binder content, as fly ash
was added as replacement of part of the aggregate. However, from the numerical stress analysis
for the assumed civil engineering construction it can be shown that the risk for early age through
cracks is significantly decreased for the mixes containing fly ash. In case of adding fly ash to
concrete by a partial replacement of the cement, the crack risk will probably be further decreased. It is also concluded from the results presented in that paper that the risk for surface
cracks in the analyzed wall (0.7m) is very small for all of the evaluated mixes, fly ash content
from 0 to 25 %. The lower risk for early thermal cracking might be an effect from the increased
early creep for mixes containing fly ash.
However, the estimated risk for surface cracks in an analyzed slab (1m) on ground was not improved by an incorporation of fly ash [2]. The mix containing 25% fly ash had the highest risk
for surface cracks in the slab, which probably is an effect from the increased heat development
in combination with the thickness of the slab. The increased heat development has probably
compensated the positive effect from the increased early-age creep for concrete containing fly
ash.
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Average Concrete temperature

Average temperature in the wall section
In Figures 9-10 the average temperature in the wall section is plotted for different fly ash contents at 0 °C and 15 °C. It can be concluded that the concrete temperature will decrease significantly for any replacement of cement by fly ash.
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Figure 9 – The average temperature in the wall for different fly ash contents at 0 °C.
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Figure 10 - The average temperature in the wall for different fly ash contents at 15 °C.
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4 TENDENCY MODEL APPLIED ON ANOTHER CONCRETE GROUP
4.1 Introduction
The presented tendency model is based on measured data performed on one type of concrete
with various fly ash contents. The basic assumption when building the formulas is that the effects of w0/C ratio and of the fly ash content can be mathematically separated. However, there is
an interest in investigation of how the presented model may suit another type of concrete group,
but still using the same type of cement and same type of fly ash.
In this section, measured heat development and strength growth for another group of concrete is
compared with the presented model.
Three concrete mixes containing 0 %, 11 % and 25% fly ash has been tested. They are composed according to the values presented in Table 2 and they are composed with another type of
aggregate and with other dosages of superplastiziser in comparison to the 18 mixes that the tendency model is based on.
Table 2 - Mix-composition for the new group of tested mixes.
Mix No.

k

C
kg/m3

0.437

-

400

0.421

0.4

400

0.417

0.4

400

FA/C

w0/Cequ

1

0

2

0.11

3

0.25

4.2 Heat of hydration
In Figure 11, the measured heat of hydration is plotted together with the results calculated with
the presented tendency model, see dotted lines. A difference between measured data and calculated is obtained.
For all of the three tested mixes there are two main tendencies concerning heat of hydration between the measured data and the tendency model in [1]; 1) the total heat of hydration per kg
binder is increased, and 2) the reduction in heat, followed by an increased content of fly ash, is
less pronounced. By adjusting the fitting parameters in the two formulas that expresses the effect
from w0/C ratio and the fly ash content, Eqs. 1 and 2, the tendency model is adjusted to describe
the behaviour for the new concrete group.

and

  w / C 2 
Wref = 283 − 20 ⋅ exp −  0
 
  0.65  

γ w = 1 − 0.23 ⋅

FA
C

(≥ 0.7)

(1)

(2)

The material related behaviour behind this phenomenon is not known, but it can very easily, and
for a few adjustments, be mathematically expressed for further heat calculations.
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Figure 11 - Measured heat of hydration plotted together with calculated by the presented tendency model and the adjusted tendency model. By a few adjustments, the model can be applied
on other types of concrete.
4.3 Strength growth
In Figures 12-14, the measured compressive strength growth is plotted in comparison with calculations using the presented tendency model (dashed lines) and after adjustments (solid lines)
for three fly ash contents. The new tested concrete group is showing a lower 28-day compressive strength than calculated and the strength growth is faster in the beginning. These two phenomena can be adjusted by Eqs. 3 - 6 expressed by
0.392 
 
w 
 [MPa]
f ref = 2700 ⋅ exp −  80 ⋅ 0 
C 
 

FA
(≤ 1.4)
γ f = 1 + 0.94 ⋅
C

  w / C 5 
s0 = 0.29 − 0.10 ⋅ exp -  0
 
  0.5  

(3)
(4)
(5)
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(6)

s1 = 0.30

Compressive strenght, MPa

By introducing these adjustments the adjusted tendency model can be used for this new type of
concrete group, and all necessary data to be able to perform further analyses of heat and strength
developments using different amounts of fly ash.
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Figure 12 - Measured compressive strength for temperature 5, 20, 35 and 50°C compared to the
calculated with the tendency model and calculated by the adjusted model for 0 % fly ash content.
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Figure 13 - Measured compressive strength for temperature 5, 20, 35 and 50°C compared to the
calculated with the tendency model and calculated by the adjusted model for 11 % fly ash content.
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Figure 14 - Measured compressive strength for temperature 5, 20, 35 and 50°C compared to the
calculated with the tendency model and calculated by the adjusted model for 25 % fly ash content.
4.4 Concluding remarks
The three additional tested concrete mixes are composed from other types of aggregate materials, and it could be concluded that the presented model did not describe the behavior sufficiently. However, by a few adjustments the model is applicable on the new group of concrete
mixes. This indicates that the basic structure of the presented tendency model seems to be useful
for other types of concretes containing different amounts of fly ash.
Since the tendency model is based on formulas expressing the effect of the water-to-cement ratio and of the amount of fly ash as partial factors, it facilitates the possibility to trace where adjustments probably shall be performed. The new tested concrete group and its correlation to the
presented tendency model showed a systematic deviation, which easily directed the necessary
adjustments to a limited number of parameters. Hereby, a few tests were used to fully describe
the behavior for a new group of concrete for further use in strength and heat calculations. However, to be able to extend this statement into a general situation analyzing different amounts of
fly ash, a lot more testing and checking have to be performed.
5. CONCLUSIONS


According to the performed calculations, any replacement of cement with fly ash will significantly influence the young concrete properties. The effect on delayed strength growth increases with the increased amount of fly ash and will also increase for lower temperatures. In
addition, the effect from fly ash increases at higher water-to-cement ratios.
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The reduced strength growth, especially in lower outdoor temperatures, may delay form removal times or increase the risk for early thermal freezing. The application of the numerical
tendency model appears to be a useful tool for production planning for concrete containing fly
ash.



The concrete temperature is significantly lower for any replacement of cement with fly ash.



The suggested tendency model is based on a test series where all parameters except the waterto-cement ratios and fly ash content has been constant. It has been concluded that the suggested model can not directly be applied on concrete composed from other types of material.
However, with a few additional tests and adjustments in the tendency model, it has been
shown to be applicable on another concrete type with sufficient agreement.



The suggested model is not a general numerical model valid for any type of concrete. To establish a more general model tests have to be performed studying all parameters that can effect the heat and strength development. For a given type of cement and a given type of fly
ash, such additional parameters may be type and dosage of superplastiziser and aggregate
type.
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