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3 RESULTS AND ANALYSIS OF PERFORMED MICRO MORTAR TESTS 

3.1 Interpretation of test results  

3.1.1. General 
Results from the Marsh cone test and the corresponding mini slump flow show a typi-
cal behaviour, as illustrated in Figure 4. For low superplastisizer dosages, the Marsh 
cone flow time will decrease continuously when superplastiziser is added. For a cer-
tain dosage of superplastiziser, often very distinct, the flow time will not decrease 
further even if superplastisizer is added. This point is called the saturation point. When 
the superplastisizer dosage is further increased, the Marsh cone flow time is not fur-
ther decreased beyond this point and superplastiziser can be added until the mix is 
separated. The interval of superplastiziser that can be added beyond the saturation 
point without any separation of the mix is called the buffering zone. Each Marsh cone 
flow corresponds to a mini slump flow. The mini slump flow will, unlike the insignifi-
cant reduction of the Marsh cone flow time, increase continuously when superplas-
tisizer is added until the mix separates.  

SP-dosage 

Marsh cone 
flow time(s) 

Saturation point  

SP-dosage 

Mini slump 
flow (mm) 

Point of 
separation

Corresponds to a 
mini slump flow 

Buffering zone  

Point of 
separation 

a) b) 

Figure 4 Illustration of a typical behaviour when performing; a) the Marsh cone  
test and b) the mini slump flow. The saturation point can be interpreted and 
corresponds to a mini slump flow value. 

The flow behaviour in the Marsh cone test has been identified showing three general 
behaviours, here classified in three different groups; Type I, Type II and Type III, see 
Figure 5a). Type I starts to flow at the saturation point, and will then separate with 
only a small increase of the SP-dosage. Type II show similar behaviour in the begin-
ning, it has a clear saturation point and in addition, the SP-dosage can be increased in 
further steps with retained fluidity and without segregation, i.e. a buffering zone ex-
ists. The third identified flow behaviour, Type III, increases its flow time while the 
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SP-dosage is increased and then separate at a certain level, it does not show a specific 
saturation point. 
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Figure 5 a) Three identified flow behaviours in the Marsh cone test and  

The flow behaviour is important when interpreting and judging the test results. The 
Type II Marsh cone flow is preferable because it indicates that the mix is less sensitive 
to disturbance than Type I because of its longer buffering zone.  

3.1.2. Evaluation of segregation 
Resistance to segregation is essential for self-compacting concrete and is therefore 
stated as one of the principle functional requirements for fresh SCC (Skarendahl et al., 
2006). Independent from the flow properties, self-compacting concrete shall always 
remain its homogeneity. In micro mortar tests, the main objective with interpreting the 
separation point is to make it possible to classify the fluidity and characterize the ro-
bustness.  

The Marsh cone test does not generate a clear description about the condition regard-
ing homogeneity; the behaviour through the funnel is similar just before and just after 
the mix is segregated.  

The segregation can, in some cases, be interpreted by the mini slump spread, see 
Figure 6. The left curve shows a slight bend just before segregation. This behaviour 
will however not always occur, as illustrated by the right curve in Figure 5, which is a 
straight line all the way up to segregation. The point of segregation must probably be 
evaluated on a visual inspection basis. 
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Figure 6 Two types of mini slump flow increase when superplastiziser is added.  

When performing the mini slump test it is possible, on a visual inspection basis, to 
decide if a mix of micro mortar is segregated or not. It is here denoted as the scrap 
test. When a mini slump test is performed, the sample is floating out forming a circle 
on the test plate with varying diameter. The diameter itself does not tell anything 
about segregation; 500mm spread can be either homogenous or segregated. But, when 
the sample is scraped off the testing plate with a trowel it will be very obvious whether 
the micro mortar is segregated or not. 
No segregation: The trowel can easily touch the plate and drive the paste or micro 
mortar off the testing plate without any resistance, see illustration in Figure 7a). 
Half segregation: The paste can be driven off the plate but with a tendency of resis-
tance because of particles that are stuck to the plate. 
Segregated: The trowel can not touch the plate because the solid particles are totally 
stuck to the plate. The trowel can only drive the surface water of the plate, see illustra-
tion in Figure 7b). 

b) Segregation;  
solid particles stick 
to the plate 

a) No segregation; 
the tested sample 
can easily be 
scraped of the plate 

 
Figure 7 a) Scrap test showing a homogeny micro mortar mix. The scraper can easily 

touch the plate and drive the mix off the plate. b) A separated micro mortar. 
Solid particles stick to the plate and are impossible to scrap off. 
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3.1.3. Evaluation of the time-factor 
A very important property regarding self-compacting concrete and its robustness is the 
possibility to keep its consistency for a period after mixing, above all when the trans-
portation time is long. For practical purposes it means that the documented fresh prop-
erties at the concrete plant shall be retained when the concrete reach the working site. 
In Utsi (2003) it was concluded that the opening time for SCC is, above all, influenced 
by the chosen type of superplastisizer. Some types of superplastiziser will continue to 
increase the fluidity for a period after mixing, while other types will start to loose con-
sistency almost immediately. For practical purposes it is important to choose an ap-
propriate target value for the consistency for the newly mixed concrete in order to 
satisfy the expected consistence at working site. It can thus be wise to establish a gen-
eral classification of how the consistency will change with time for the superplastiziser 
aimed to be used, as suggested in Figure 8. If the expected transportation time is 
known, the consistency at the concrete plant can be determined with such a diagram. 
When an appropriate micro mortar composition is chosen, the time/flow-relation can 
be tested to verify that the general tendency is valid for the chosen mix. 
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Figure 8 Suggestion to an established time/fluidity-diagram for different types of su-

perplastiziser. 

3.2 The effect of the constituents 

3.2.1. Influence of the fine aggregate content 
The influence of the fine aggregate content on the workability of fresh concrete was 
formulated by Kennedy (1940) when he introduced the “excess paste theory”. Ken-
nedy stated that for concrete to be workable, the volume of cement paste must be, as 
minimum, equal to the volume of the voids in the dry aggregate skeleton. For any 
degree of excess of cement paste, the workability will be improved. In addition, Ken-
nedy also stated that for any required workability the amount of excess of cement 
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paste depends on; 1) the consistency of the cement paste itself and 2) the surface area 
of the aggregates, larger surface area means that greater cement paste excess is re-
quired.  

Yen et al. (2000) used Kennedy’s paste thickness theory on fresh SCC and divided the 
theory in two steps, 1) an overfilled mortar, i.e. an excess of paste coating the fine 
aggregates and 2) an overfilled concrete, i.e. an excess of mortar coating the coarse 
aggregates. The coarse aggregates in self-compacting concrete are covered by a layer 
of mortar, sufficiently thick to give fluidity and passing ability. In addition, the fine 
aggregates in mortar shall be covered by a paste layer thick enough to achieve ade-
quate mortar flow.  

From the performed micro mortar tests, the influence of the finest aggregates can be 
interpreted regarding fluidity. By using the suggested key parameter 25, the effect of 
both the paste content and the properties of the actual fine aggregate type can experi-
mentally be evaluated from the tests. When the 25-value is high it means that the 
powder content is relatively low in comparison to the fine aggregate content. As the 

25-value decreases, the fine aggregate particles will be forced apart with the increased 
powder content, i.e. we have an increased paste layer thickness. 

In Figure 9 the Marsh cone flow time is plotted against the dosage of superplastiziser 
for water-to-powder ratios 0.37 and 0.33. w/p-ratio 0.37 is tested with 25-values= 
0.35, 0.45 and 0.55 and w/p-ratio 0.33 is tested for 25-values= 0.25, 0.35 and 0.45.  

Some tendencies can be observed regarding the 25-value; a high 25-value needs a 
high superplastiziser dosage to achieve an adequate flow. The absolute Marsh cone 
flow time at the saturation point will increase when the 25-value increases and the 
effect from 25 is higher for lower w/p-ratios. Similar phenomenon was showed by 
Yen et al. (2000), who concluded that for a constant w/p-ratio, the fluidity of mortar 
increased with the increase of the average paste coating thickness, i.e. lower propor-
tions of fine aggregate.  



92 

0

40

80

120

160

200

0 0,2 0,4 0,6 0,8 1

Superplastisizer dosage 
(% of total binder)

M
ar

sh
 c

on
e 

flo
w

 ti
m

e 
(s

)

w /p 0.37 25=0.35
w /p 0.37 25=0.45
w /p 0.37 25=0.55

a)

0

20

40

60

80

100

120

140

0,0 0,2 0,4 0,6 0,8 1,0

Superplastiziser dosage 
(% of total binder)

M
ar

sh
 c

on
e 

flo
w

 ti
m

e 
(s

)

w /p 0.33 25=0.25
w /p 0.33 25=0.35
w /p 0.33 25=0.45

b)
 

Figure 9 Marsh cone flow time plotted versus the superplastiziser dosage. a) w/p-ratio 
0.37 and 25-values ranging from 0.35 to 0.55 and b) w/p-ratio 0.33 and 25-
values ranging from 0.35 to 0.45. 

In Figure 10 the mini slump flow is plotted against the corresponding Marsh cone flow 
time for mixes with w/p-ratio 0.37 and 25-values ranging from 0.35 to 0.55, and w/p-
ratio 0.33 with 25-values ranging from 0.25 to 0.45. It can be seen in the figure that a 
mini slump flow over 400 mm can be achieved for all 25-values if the superplastisizer 
dosage is adjusted for each mix. The Marsh cone flow time is affected by the 25-value 
irrespectively from the dosage of superplastiziser where higher fine aggregate contents 
will result in slower speed through the funnel. It can thus be concluded that relatively 
high final mini slump flows can be achieved with adjustments of the superplastisizer 
but the Marsh cone flow time can not be improved beyond its saturation point and is a 
function of the mix-composition. 

The mini slump flow can always be adjusted and increased by adding superplastisizer. 
It is however favourable to find sufficient fluidity as close to the saturation point as 
possible because it increases the distance to the point of separation. The mini slump 
flow that occurs at the saturation point in the figures above will slightly increase when 
the 25-value decreases. Higher mini slump flows can thus be achieved close to the 
saturation point for lower 25-values. 
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Figure 10 The mini slump flow plotted versus the Marsh cone flow time for; a) w/p-
ratio 0.37 and 25-value 0.35, 0.45 and 0.55 and b) w/p-ratio 0.33 and 25-
value 0.35 and 0.45. 

In addition to the fine aggregate content, also type of aggregate significantly affects 
the properties of micro mortar. Two aggregates with similar grading curve can show 
significant difference in workability. It can be derived from surface texture, shape, 
porosity and mineralogy (Esping, 2007). Esping concluded that an increased surface, 
including filler and aggregates, significantly reduced the workability. It was also con-
cluded that all mixes with higher surface area reached similar workability as the refer-
ence mix by an addition of extra water, which indicates that high surface area can be 
compensated by water. It was also discussed that the higher surface area can not be 
compensated by an addition of superplastiziser since these products mainly reduce the 
yield stress. 

It can be observed in Figure 11 that different types of aggregates achieve varying flu-
idity. The fluidity of micro mortar mixes with natural aggregates and crushed aggre-
gates are compared. The effect from type and amount of fine aggregate when com-
bined with other chosen materials can be evaluated for further use in concrete. It can 
be observed that, for equal w/p-ratio and A25 content, the mixes with crushed aggre-
gates can not reach as high Marsh cone flow as the natural type and it can be sus-
pected that natural aggregate can be used in concrete with higher 25-value in compari-
son to crushed for equal w/p-ratio.   
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Figure 11 Results from the Marsh cone test and the mini slump test for crushed ag-
gregates in comparison to natural aggregates. 

3.2.2. Influence of the water-to-powder ratio 
The water-to-powder ratio is a function of how viscous a concrete ia. The w/p-ratio 
effect can be interpreted from the Marsh cone test. In Figure 12a) the Marsh cone flow 
time is plotted versus the superplastisizer dosage for w/p-ratio 0.33 and 0.37 when the 

25-value is fixed at 0.45. The results indicate that the Marsh cone flow time at the 
saturation point will increase for lower w/p-ratios. The corresponding mini slump flow 
is plotted in Figure 12b) where it can be seen; 1) the mini slump flow increases for 
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each addition of the superplastisizer dosage, and 2) lower w/p-ratios need higher su-
perplastiziser dosage for an adequate fluidity.  

The close relation between increased Marsh cone flow time and decreased water-to-
powder ratio has also been reported by Domone (2006a) who characterized the fluidity 
of mortar with the Marsh cone test and the mini slump test. Domone found that the 
water-to-powder ratio highly influences the Marsh cone flow time while the super-
plastiziser dosage influences the mini slump spread. 
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Figure 12 a) The Marsh cone flow time plotted versus the superplastisizer dosage for 
w/p-ratio 0.33 and 0.37 when the 25-value is 0.45. b) The corresponding 
mini slump flow for each superplastisizer dosage. 

3.2.3. Cross effects of w/p-ratio and the corresponding 25-value 
For a constant A25 content, the w/p-ratio will influence the Marsh cone flow time and 
also the superplastiziser dosage needed. In addition, also a cross effect between the 
w/p-ratio and the 25-value have been obtained. In Figure 13a) the 25-value is plotted 
against the Marsh cone flow time that occurs in the saturation point for w/p-ratio 0.37, 
0.33 and 0.27. 

When the w/p-ratio is 0.37 (high), the 25-value can range between approximately 0.30 
and 0.55 with different Marsh cone flow times for each combination. When the w/p-
ratio is 0.27 (low), the 25-value can range between approximately 0.15 and 0.35.It 
indicates that different w/p-ratios can contain different amounts of A25 to achieve suf-
ficient fluidity, i.e. each w/p-ratio is related to a 25-value interval. The results indicate 
that higher 25-values must be combined with higher w/p-ratios and lower 25-values 
must be combined with lower w/p-ratios. 

Each saturated Marsh cone flow time corresponds to a mini slump flow value. In 
Figure 13b) the 25-value is plotted versus the mini slump flow that occurs at the satu-
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ration point in the Marsh cone test for different w/p-ratios. It can be seen that lower 
25-value will increase the mini slump flow at the saturation point and the increase 

seems to mainly depend on the 25-value.  

When the 25-value is 0.45 the mini slump flow in the saturation point is 320mm for 
both w/p-ratio 0.33 and w/p-ratio 0.37. The corresponding Marsh cone flow time at 
this point is approximately 50 seconds and 30 seconds respectively, which means that 
equal mini slump flow can be achieved with different corresponding Marsh cone flow 
times depending on how the w/p-ratio is combined with the 25-value.  
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Figure 13 a) The 25-value plotted versus the Marsh cone flow time at the saturation 
point for different w/p-ratios. b) The 25-value plotted versus the mini slump 
flow when the mix has reached the saturation point in the Marsh cone test. 

The described cross effect between w/p-ratio and 25-value is important when applying 
micro mortar tests on concrete mix-design. Depending on how the 25-value is com-
bined with the w/p-ratio; different flow properties can be achieved. The 25-value/w/p-
ratio relation is probably material related.  

For this particular case, concrete mixes with higher w/p-ratio can comprise higher A25 
content, in relation to the total powder content, in comparison with mixes with low 
w/p-ratio. This effect is probably material related and can be experimentally evalu-
ated. 

This phenomenon can be referred to Powers (1932) findings; he concluded that paste 
with higher water content (higher w/p-ratio) required higher proportions of sand to 
achieve a certain workability. The results indicate that it is possible to determine, with 
the suggested experimental test method, an appropriate A25 content for a given w/p-
ratio. 

3.2.4. Concluding remarks 
The fluidity of micro mortar is complex; it is influenced of how the constituents are 
combined and also the properties of the available materials. The 25-value is an indi-
rect measurement of the fine aggregate to mortar content relation, often used by other 
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authors as a key parameter for fresh SCC. Okamura and Ozawa (1996) suggest that 
this ratio shall be kept at 40% and Domone (2006b) has shown that a mean fine aggre-
gate to mortar quote is 47% for SCC mixes.  

The test results indicate that for a certain fluidity; 1) the 25-value is a function of type 
of aggregates used 2) the most appropriate 25-value is a function of the w/p-ratio and 
3) it is possible, with relatively simple test methods, to evaluate an optimal 25-value 
for the actual materials. It is thus possible to tailor an appropriate 25-value regarding 
w/p-ratio, type of aggregate and desired workability, which might lead to a greater 
utilization of the constituents. 

4 EXPERIMENTAL MICRO MORTAR OPTIMIZATION METHOD 

4.1 Performance based micro mortar optimization in general 
When understanding how different parameters, such as w/p-ratio and the 25-value, are 
related to each other and how they affect the fluidity, a structured program for experi-
mental micro mortar optimization can be formulated that generates the most adequate 
answers to a potential user. 

A desired working procedure shall receive information regarding properties that are of 
importance for further use in concrete. The following properties can be evaluated with 
the two suggested test methods: 
 Robustness: A chosen combination of materials shall be robust, i.e. insensitive 

against outer disturbance. The degree of robustness for different combinations of 
materials can be evaluated with the two suggested test methods and it has been sug-
gested that the robustness is valued regarding the Marsh cone flow behaviour. 

 Characterization of the flow properties: Irrespective of method chosen to character-
ize the fluidity of mortar, a strategy for interpretation must be formulated. This pa-
per suggests that the fluidity shall be classified with a combination of the Marsh 
cone flow and the mini slump flow. It is thus important to formulate how the results 
from such tests shall be interpreted and valued regarding the fluidity for further im-
plementation in the concrete.

 Optimal combination of available materials for the actual application: With respect 
to the actual type of application, structural element to be cast, together with de-
mands on strength and durability, the most appropriate combination of materials 
shall be found that fulfill stated demands on robustness and fluidity. It must thus be 
possible to formulate whether an interpreted fluidity from the Marsh cone and the 
mini slump flow is appropriate or not on concrete regarding the application area. 

 The time-factor regarding the chosen superplastisizer: A consistency/time-diagram 
can be established for the chosen type of superplastiziser, which makes it possible 
to decide the target values when mixing in comparison to the demanded consistency 
at working site. 
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4.2 Evaluation of robustness 
It was discussed in section 3.1.1 that different flow behaviours were identified in the 
Marsh cone test, denoted Type I, Type II and Type III. To fulfill the demands on high 
robustness, it has been discussed that a mix preferable shall show a Type II behaviour, 
which includes a long buffering zone. With the aim to clarify if the Marsh cone flow 
behaviour is an indication of the robustness, a Type II and a Type III mix have been 
tested by increasing the water content. In Figure 13, the Marsh cone flow and the mini 
slump flow is plotted against the increased water content. The initial flow and the su-
perplastiziser dosage used correspond to the flow in the saturation point. It can be seen 
that the Type II show a lower sensitivity against variations in the water content, in 
comparison to the Type III mix, since the Marsh cone flow time is nearly unchanged 
for an 10% water content increase. It is also reflected in the slump flow test. It can be 
suspected that the behaviour in the Marsh cone test can be an indication of the robust-
ness. It shall be pointed out that a Type I mix unfortunately not has been tested regard-
ing the water sensitivity. 
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Figure 14 The sensitivity against water content variations for two mixes showing a 

Type II and Type III behaviour in the Marsh cone test. 

4.3 Characterization of the flow properties 
The fluidity of paste and micro mortar are often described in terms of rheology, “the 
science of the deformation and flow of matter” (Tattersall et al. 1983). The rheological 
behaviour of a material can be described by its yield value and its viscosity. The yield 
stress is defined as the shear stress that must be applied to a material to make it flow. 
Viscosity is defined as the inclination of the straight line between the shear stress and 
the rate of shear.  

For practical purposes it might not be necessary to characterize a mix regarding yield 
value and plastic viscosity, an alternative might be a description in function related 
terms appropriate for the structure element to be cast. The two suggested experimental 
test methods, mini slump test and Marsh cone test, can together be a rational approach 



99 

to describe the fluidity of mortar on a functional basis. They shall not be seen as a 
substitute to describe the flow behaviour in words of rheology, more as an alternative 
method to characterize and describe the fluidity of paste and mortar.  

In earlier sections, the principles for the flow behaviour in the Marsh cone test and the 
mini slump flow test have been described. For a specific Marsh cone flow time in the 
saturation point, the corresponding mini slump flow can be either long or short. The 
Marsh cone flow time can be adjusted by different combinations of the constituents.  

For a potential user, the most appropriate combination of the fluidity measured with 
the two suggested test methods shall be chosen. Different types of applications may 
benefit from different types of workability, e.g. columns may not benefit from a long 
flowing SCC. A functional description of the fluidity can thus be: fast or slow, long or 
short, which can be interpreted with the suggested methods. It receives a functional 
description of the obtained fluidity for the chosen combination of materials and how it 
is affected by the type and dosage of the chosen superplastiziser. For practical pur-
poses, it means that four distinct groups of fluidity can be identified. 

 Short Marsh cone flow time and long mini slump flow 
 Long Marsh cone flow time and long mini slump flow 
 Short Marsh cone flow time and short mini slump flow 
 Long Marsh cone flow time and short mini slump flow 

However, as been pointed out earlier, the mini slump flow can always be increased by 
an addition of superplastiziser. But, for each addition of superplastiziser the point of 
segregation will come one step closer. The recommended point to choose is the super-
plastiziser dosage needed to achieve an appropriate mini slump flow and Marsh cone 
flow time just after the saturation point has occurred, as illustrated in Figure 15. This 
point is not close to the point of segregation and it has passed the saturation point, 
which means that the superplastiziser dosage can both increase and decrease some-
what. 
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Figure 15 A schematic illustration of a typical behaviour when combining the Marsh 

cone test with the mini slump test for three different micro mortar mixes. 
The recommended point to choose is beyond the saturation point but still 
relatively far from the point of separation.  
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The absolute values regarding both the Marsh cone flow time and the mini slump flow 
is individual regarding the user’s equipment and actual performance of the tests.  

4.4 Key parameters influencing the fluidity 
When applying micro mortar test results in concrete mix-design, the cross effect be-
tween the 25-value and the w/p-ratio is of great importance because of its direct rela-
tion to the total sand content in the concrete mix. The cross effect can be interpreted 
with the two suggested test methods, and Figure 16 illustrates a w/p-ratio/ 25-value-
diagram that can be established for the actual type of materials. Each w/p-ratio is con-
nected to a 25-value interval to achieve sufficient fluidity. The upper A25 limit corre-
sponds to the highest possible 25-value that the w/p-ratio can contain to achieve suffi-
cient self-compacting properties and the lowest possible 25-value for each w/p-ratio 
will ensure that the mix remain homogenous and does not separate. Changing the 25-
value for a fixed w/p-ratio will also change the flow properties, i.e. numerous of dif-
ferent flow properties can be achieved depending on how the w/p-ratio and the 25-
value are combined. It will thus increase the possibility to choose the most appropriate 
fluidity for the current application.  

λ25-value
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Lower workability

 
Figure 16 General illustration of the 25-value intervals connected to a w/p-ratio 

Each w/p-ratio corresponds to a specific, material related 25-value interval, and dif-
ferent d, 25-values will in the saturation point give different fluidity. It has been con-
cluded that the saturated Marsh cone flow time will increase when the w/p-ratio de-
creases or when the 25-value increases for a fixed w/p-ratio. The mini slump flow, 
measured at the saturation point, will slightly increase for lower 25-values for a con-
stant w/p-ratio but it will almost retain constant if only the w/p-ratio is changed, as 
illustrated in Figure 17. However, the mini slump flow can always be further increased 
beyond the saturation point by adding superplastisizer. 
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Figure 17 The effect on the Marsh cone flow and the mini slump flow when changing 

the w/p-ratio or the 25-value. 

By establish a, for the tested materials, w/p-ratio/ 25-value diagram as suggested, the 
total sand content and the total amount of binder needed, can be calculated when 
translated to a concrete mix. In addition, different types of concretes with varying 
fluidity can be composed depending on how the w/p-ratio and 25-values are com-
bined. This kind of classification of the fluidity of the micro mortar valid for the avail-
able materials will increase the degree of freedom to choose an appropriate concrete 
mix. It gives a helpful tool for a potential user to make decisions regarding fluidity, 
demands on w/p-ratio and robustness valued with respect to the structural element to 
be cast.  

4.5 Performance based target values 
Interpreting and classifying the fluidity can be performed with different types of 
methods, e.g. Marsh cone flow time and mini slump flow as suggested in this paper. 
The next step to fully utilize the potential using micro mortar tests is to characterize 
the obtained fluidity regarding the field of application. The two flow parameters shall 
thus be combined regarding the actual type of application, i.e. relate the fluidity to the 
type of application, which has been suggested for concrete by Wallraaven (2003).  

From a rheological point of view, Wallevik (2003) is discussing about the close rela-
tion between the two rheological parameters; yield value and plastic viscosity and how 
these two parameters shall be combined to reach sufficient self-compacting properties. 
If the viscosity is low, the SCC mix must have a significant yield value to stabilize the 
mix. On the other hand, if the viscosity is high, the yield value must be low to ensure 
proper self-compacting properties.  

Similar terminology can probably be applied on the proposed experimental test meth-
od; Marsh cone test and the mini slump test. A low Marsh cone flow time, i.e. high 
flow, can preferably be combined with shorter mini slump flow, while high Marsh 
cone flow times benefit from a longer mini slump flow to ensure that the proper self-
compacting properties can be obtained. Each combination will result in different types 
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of concrete with varying properties. For practical concrete mix-design purposes, the 
chosen combination of materials shall always fulfill the fresh property requirements; 
filling ability, passing ability and resistance to segregation. As an extra feature, it is 
more economical if the fresh properties are tailored for the actual type of application.  

Figure 18 illustrates a suggestion for how the two suggested test methods can be com-
bined with respect to field of application and expected concrete properties.  

The combination of materials and their corresponding fluidity will facilitate the possi-
bility to compose a micro mortar tailored to fulfill the demands in a certain quadrant in 
the target value diagram.  

A slow Marsh cone flow combined with a short mini slump flow might result in a 
concrete with insufficient self-compacting properties. However, for some applications, 
e.g. ramps and cambers, such properties might be essential to succeed with the casting. 
The opposite alternative; fast flow combined with a long mini slump flow can be seen 
as an unstable concrete with increased risk for segregation. But, if it is a less expen-
sive alternative and the contractor can take that risk, it might be the most appropriate 
alternative for that specific occasion.  
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Figure 18 Suggestion to approximate target values for mini slump flow and the corre-

sponding Marsh cone flow depending on type of application. 

The suggested experimental optimization method is aimed to be a tool for potential 
users to make adequate decisions when choosing a combination of their available ma-
terial for further use in SCC. Concrete production is always a balancing between safe 
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mixes and the price a user is willing to pay. Self-compacting concrete is highly influ-
enced by the properties of the available material and external conditions. If the con-
stituents can be combined with respect to their properties and the field of application, 
the possibility to compose more tailored concrete mixes might increase. 

5 DISCUSSION 
Describing the flow properties of concrete, mortar, micro mortar and paste in terms of 
rheology is well established. It aims to classify a mix regarding its yield value and the 
corresponding viscosity. However, characterization of fluidity by the science of rheol-
ogy must be in presence of a viscometer, either for mortar or for concrete. Rheometers 
are expensive equipment and it might be unnecessary when working with concrete 
optimization on a practical basis. For concrete producers and concrete optimization 
aimed to be directly applied in field, the most important concrete properties are ro-
bustness and the flow properties. The demands on the fluidity vary depending on the 
structural application. One type of workability can often be achieved by different com-
binations of the materials, with a corresponding robustness and price label, i.e. more 
or less expensive solutions.  

A practical mix-design method might facilitate the possibility to judge a concrete mix 
regarding its fluidity, field of application, economy and also regarding the robustness 
for different combinations of the local available materials. However, this must not 
necessarily be expressed in terms of rheology. This paper includes a suggestion to an 
experimental micro mortar optimization method. It is based in two simple test meth-
ods, Marsh cone test and mini slump test, together which will be used to characterize 
the fluidity of micro mortar.  

The proposed test method is intended to be a practical tool when evaluating the influ-
ence from available materials on the micro mortar properties. Users can interpret, from 
very simple test methods, different combinations of constituents regarding flow prop-
erties and robustness to form a basis for decisions regarding the optimal combination 
for a specific type of application. The proposed key parameter, λ25, will facilitate the 
connection between the micro mortar test and the concrete mix.  

There are some very important remarks that shall be pointed out when classifying the 
fluidity with the suggested test method. First of all, the absolute values; seconds in the 
Marsh cone test and mm in the mini slump test shall be regarded as unique values only 
valid for the actual equipment used. The absolute values from the Marsh cone test 
depend on nozzle opening, filling height and the slope of the cone. The absolute val-
ues from the mini slump flow are influenced by the test surface as well as the volume 
of the cone. It means that absolute test results shall by no circumstances be compared 
with tests performed with other equipments. It can be seen as a drawback of the sug-
gested method but the main objective with the work has been to develop a simple and 
practical optimization method mainly aimed to be used for practical concrete optimi-
zation, and potential users can characterize actual levels valid for their equipment.  
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When working with micro mortar and concrete mix-design on a regular basis, it is thus 
relatively simple to establish reliable levels concerning the levels fast/slow, long/short 
with the aim to be used as limit values in a classification system. The users can evalu-
ate how combinations of different materials influence the fluidity and the robustness 
and a unique data-bank can preferable be established as reference values to be used in 
the future.  

The proposed test design method is based on mixes comprising all particles smaller 
than 0.25mm. Other upper limits of particle size can be chosen, if it is more appropri-
ate regarding the circumstances, but the proposed method with the key parameter, λ25, 
can still be adopted.  

6 CONCLUSIONS 
• This paper has shown the potential in finding the most appropriate combination of 

materials for a specific type of application with two simple tests; the mini slump 
test and the Marsh cone test measuring the mini slump flow and the flow time 
through the Marsh cone. 

• The proposed test method has proven to be satisfactory to make it possible to an-
swer relevant questions about the micro mortar properties. 

• The key parameter, λ25, facilitates the possibility to perform micro mortar tests that 
are independent from the total micro mortar content in the final concrete mix. The 
key parameter makes it possible to perform a direct connection between the micro 
mortar phase and the aggregate phase to create a concrete mix. 

• The fluidity of micro mortar is influenced by a cross effect between the 25-value 
(the 0-0.25mm to powder ratio) and the w/p-ratio. Generally, higher w/p-ratios must 
be combined with higher 25-values to achieve sufficient fluidity. The effect from 
different combinations of material can be evaluated with the suggested method. 

• With the two suggested test methods together with the 25-value, an optimal fine 
aggregate content can be found for a specific w/p-ratio and also its corresponding 
fluidity. 
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Abstract
In the present paper three known experimentally based aggregate characterization 
methods have been tested and evaluated; the degree of packing, the V-funnel flow time 
and the calculated fineness modulus. The main objective has been to investigate if the 
properties of aggregates can be characterized regarding their appropriateness for 
self-compacting concrete. If this is the case, the second aim is to establish a method 
useful for optimization of aggregate compositions to be used in self-compacting con-
crete.

The results indicate that one single characterization property seldom is enough to 
properly describe the influence from an aggregate grading curve on the fresh concrete 
properties. In addition, it is shown that separate micro mortar tests are essential to get 
a comprehensive decision-making support on aggregate grading. 

A method based on these characterization parameters for choosing an appropriate 
grading curve due to conditions connected with the structural performance is pre-
sented. The proposed optimization method has can give support for decisions regard-
ing choice of  aggregate grading curve for different types of structural performance 
based on demanded consistency and economy. 

1 INTRODUCTION

1.1 General 
Aggregate is the term for a rock type aimed for concrete production and it is the main 
constituent in concrete. It can thus easily be understood that the aggregate will signifi-
cantly affect the properties of the concrete. Aggregate comprises particles with sizes 
ranging from zero and up to approximately 40mm, depending on application area. It is 
a natural rounded material or produced by crushing rock, comprising a wide spectrum 
of properties depending on its mineral composition, particle shape and surface texture. 
All these properties add to the complexity of making concrete. In addition, it is also a 
relatively low-cost and strong concrete making material in comparison to other con-
crete making materials, e.g. cement and mineral additives. Optimizing the use of ag-
gregates in concrete will gain concrete production in a lot of aspects; mainly economi-
cal but also hardening, strength and durability properties are affected by the aggregate 
skeleton.  

Among the concrete making materials, aggregates comprise the largest spread in prop-
erties and utilizing the available aggregate and its specific concrete making properties 
can facilitate the increase of the aggregate content in concrete. 
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1.2 Aggregate composition for concrete 
According to Betonghandboken (1997), the most important aggregate properties for 
concrete mix-design are the gradation curve, filler content, mud content, maximum 
aggregate size and grain shape. In addition, each particle shape, mineral type and sur-
face texture will affect the concrete properties.  
Selecting an aggregate with proper properties and combining aggregates of different 
sizes to receive an optimal grading curve is the working procedure when choosing ag-
gregates for concrete. The theories about how to receive an optimal aggregate grading 
curve have been of large interest during the history of concrete development and dif-
ferent suggestions have been reported by many authors, e.g. Fuller and Thompson 
(1907), Edwards (1918), Abrams (1918) and Powers (1968). Different standardized 
methods have been proposed with the aim to select an appropriate aggregate grading 
curve for concrete.  

Using a dense aggregate skeleton, termed as the maximum density theory was dis-
cussed in the 1920th (Cordon, 1974). It is based on the assumption that a small aggre-
gate void content to be filled with cement paste will improve the concrete strength. 
Minimizing the paste needed with remaining workability is favorable as it can lower 
the need for fine material, as it is the most expensive material in concrete. Computer 
models and practical methods aimed to find the highest degree of packing for a spe-
cific type of aggregate has thus become an established method to choose a suitable 
grading curve. It has been proven to be a satisfactory tool when composing an appro-
priate aggregate grading curve for concrete reported by Domone and Soutsos (1994), 
Goltermann et al. (1997), and Haleerattanawattana and Limsuwan (2004).  

1.3 Aggregates in self-compacting concrete 
Self-compacting concrete (SCC) is supposed to fill the form properly and enclose the 
reinforcement without any external vibration. The fresh properties of such a concrete 
are thus essential to succeed with. It means that the demands on the constituents and 
their composition differ from ordinary vibrated concrete, which is immensely relevant 
for the aggregate composition. To ensure sufficient fresh concrete properties Skaren-
dahl et al. (2006) have stated the most important property requirements valid for fresh 
SCC as; filling ability, passing ability and resistance to segregation.  

Filling ability: A proper SCC mix shall by its own weight flow and properly fill the 
formwork and enclose the reinforcement. The properties of the paste or the mortar are 
most essential to fulfill the requirement of filling ability. 

Passing ability: i.e. the resistance against blocking, is an essential performance of 
SCC as in the end it will affect the filling ability. Blocking is a phenomenon that oc-
curs during concrete flow. Larger particles in the aggregate will have difficulties in 
passing at narrow sections with dense reinforcement and local variations in concrete 
quality will be the result (Oh et al. 1997 and Okamura and Ozawa 1996, Okamura, 
1997). To avoid blocking the solution has traditionally been to lower the water-to-
powder ratio in order to achieve sufficient viscosity, increase the paste content and 
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limiting the coarse aggregate content. To prevent blocking the aggregate composition 
is thus of great importance. 

Resistance to segregation: If there is separation between aggregate and cement in the 
paste undesired local variations in concrete quality will again be the result. The inter-
play between aggregate and paste has a dominant role. 

As has been pointed out, the coarse aggregate content has traditionally been lowered 
and replaced by increased paste content to ensure proper fluidity and limitation of the 
inner particle friction. However, Nielsen et al. (2008) report about successfully used 
SCC, composed with relatively high aggregate content, approximately 650-700 li-
tres/m3, which can be compared to 500-600 litres/m3 from other reports. It can thus be 
suspected that the aggregate content in SCC can be increased for some types of appli-
cations if the grading curve is properly composed. 

1.4 Objectives and scope 
An aggregate grading curve is a combination of sizes from the available materials. 
They should be mixed so that the resulting concrete gets the desired properties. These 
properties should satisfy both the special requirements for SCC and the normal re-
quirements for the structure that is to be erected. One grading curve that is ideal in all 
cases and for all types of material does probably not exist.  

The main objective with this paper is to investigate how aggregate optimization can be 
performed practically with the aim to improve the properties of self-compacting con-
crete. The project comprises an investigation of how aggregates of different sizes can 
be characterized and how a combination of aggregates can be chosen regarding its 
specific properties and due to stated demands on performance.  

The aggregate properties have been characterized regarding its degree of packing, its 
flow properties together with the calculated fineness modulus. These three parameters 
are believed to give relevant information on the usefulness of the aggregates. It is in-
vestigated if these parameters can be used in practical concrete mix-design. The test 
methods are chosen based on their simplicity to procure and use.  

The paper includes an investigation of the correlation between the chosen test methods 
and how they can be interpreted with the aim to find the most appropriate aggregate 
grading curve to fulfill demanded concrete properties. 

Questions to be answered are: 

Can aggregate properties, adequate for SCC mix-design, be characterized with the 
suggested methods? 

How are the suggested test methods related to each other? 

Is the degree of packing an appropriate tool to determine an aggregate grading 
curve? 
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Is the degree of loosely packed aggregates a better tool for choosing aggregate grad-
ing curve for SCC in comparison to densely packed aggregates? 

How can an aggregate grading curve be chosen due to the properties of available 
material, based on the suggested test methods, and due to the performance of the 
element to be cast? 

1.5 Research significance 
The main advantages of using self-compacting concrete are improved working envi-
ronment, increased productivity and the possibility to cast complicated structures. The 
use of SCC is often accompanied by an extensive quality control program. The mate-
rial cost for SCC is often significantly higher than for ordinary vibrated concrete. The 
reason is that the aggregate content is lower in SCC and more expensive cementitious 
materials and different types of filler are used. An increased use of aggregate would 
reduce the cost and increase the competitiveness of SCC. It is however essential to 
fulfil the functional requirements stated for fresh SCC (filling ability, passing ability 
and resistance to segregation). A systematic aggregate optimization method to com-
pose an appropriate aggregate skeleton regarding its properties and also with respect to 
the specific type of application might facilitate the possibility to utilize the available 
materials to a larger extension. 

2 LABORATORY TESTS

2.1 Material, test set-up and sample preparation 
Two types of crushed material with similar fractions have been investigated in this 
study, denoted Type I and Type II. The definition of fine and coarse aggregates can 
vary depending on national standards. In this paper the definition is chosen according 
to SS-EN 12620, which means that particles passing the 4mm sieve are defined as fine 
aggregate and all larger particles are defined as coarse aggregate.  

Both the tested aggregate types are divided in aggregate fraction 0-4mm, fraction 4-
8mm and fraction 11-16mm. From here on, all fractions will be denoted 0-4mm, 4-
8mm and 11-16mm. The particle density has been determined by a pycnometer test. 
Table 1 shows the tested aggregate compositions where the percentage of each aggre-
gate fraction is by weight of the total quantity tested. Each sample was prepared by 
combining the dry aggregates from the three different fractions defined in table 1. To 
receive a homogeneous mix of aggregates, each sample was mixed for two minutes in 
an ordinary concrete mixer. 
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Table 1  Tested mixes for both Type I and Type II. Each fraction is in percent of the 
total sample weight.  

No. 0-4mm 4-8mm 11-16mm Abbreviation 
1 100 0 0 100/0/0
2 0 100 0 0/100/0
3 0 0 100 0/0/100
4 80 20 0 80/20/0
5 60 40 0 60/40/0
6 40 60 0 40/60/0
7 20 80 0 20/80/0
8 0 80 20 0/80/20
9 0 60 40 0/60/40
10 0 40 60 0/40/60
11 0 20 80 0/20/80
12 80 0 20 80/0/20
13 60 0 40 60/0/40
14 40 0 60 40/0/60
15 20 0 80 20/0/80
16 60 20 20 60/20/20
17 40 40 20 40/40/20
18 20 60 20 20/60/20
19 40 20 40 40/20/40
20 20 40 40 20/40/40
21 20 20 60 20/20/60

 

2.2 Dense packing of aggregate 
The meaning with dense packing is to find a combination of aggregate that generates 
the least minimum void content. The total degree of packing is depending on the ap-
plied load during the test. Applied packing energy can be calculated according to Eq. 
1.  

Nhgm
V
nPe

      (1) 

Where Pe= applied packing energy, n= number of falls, V=volume of test container, 
m=drop weight, g=gravity, h=drop, and N=number of layers. 

with the numerical values: Pe= 279kJ/m3, n=12, V=0.94787dm3, m=2.5kg, g=9.81m/s2, 
h=0.3m, and N=3. 

Each combination of aggregate, Nos. 1-21, was tested three times. The prepared sam-
ple, as described in section 2.1, was poured into the test container equipped with a de-
tachable border, see Figure 1a. The removable border makes it possible to overfill the 
test bucket. The bucket was filled in three layers where each layer was compacted 
with the applied load as calculated in Eq. 1. The border was then removed and the sur-
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face was smoothening flat, see Figure 1c, and the bucket including the sample was 
then weighted, see Figure 1d. The degree of dense packing, is calculated as: 

containerparticleAgg

sample

V
m

.
     (2) 

where msample= The weight of the compacted sample, Agg.particle= Particle density, and 
Vcontainer= Volume of the test container. 

2.3 Loose packing of aggregate 
As an alternative to densely packed aggregate, loosely packed material, i.e. aggregate 
poured into a bucket without any external influence, has been discussed among some 
researchers as an alternative when applied in self-compacting mix-design. The basic 
assumption is that loosely packed aggregate is distributed in the same way as in real 
concrete, i.e. the measured loose packing is supposed to reflect the situation prevailing 
in a SCC mix and is therefore assumed to be the most appropriate grading. 

The prepared samples were poured into the test container without any applied external 
load. The detachable border was removed and the surface was smoothening flat. The 
bucket including the sample was then weighted and the procedure was repeated three 
times for each sample. The degree of loose packing is calculated according to Eq. 1. 
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102 mm 

116 mm
       

     
Figure 1 Test procedure for the dense packing test. a) measurements of the test con-

tainer, b) applied load when packing, c) surface preparation, d) weighing the 
sample

2.4 Flow measure with V-funnel test 
The most essential property for self-compacting concrete is high fluidity. It can be 
assumed that a high flow of dry aggregate reflects a low friction between the moving 
aggregate particles. It can thus be suspected that an aggregate skeleton chosen regard-
ing its flow properties in dry conditions can be an alternative to improve the mobility 
of a SCC mix.  

The aggregate flow has been tested with an ordinary V-funnel aimed for SCC, Figure 
2, which is chosen due to its simplicity to procure and use. Each prepared aggregate 
sample was poured into the funnel without any external disturbance. The shutter was 

a) b)

c) d)



116 

opened and the time for the sample to pass out of the funnel was measured. The test 
procedure was repeated three times. 
 515

450

150

65 Shutter

Volume = 10,5 dm3

75

Measures in
mm

     
Figure 2 An ordinary V-funnel aimed for testing fresh self-compacting concrete has been 

used.

2.5 Fineness modulus 
The fineness modulus was introduced by Abrams (1918) and can shortly be defined as 
the area above the grading curve as illustrated in Figure 3. In practice it means that a 
fine-grained material has a smaller fineness modulus than a coarser material. The 
fineness modulus is a well established characterization of aggregate when choosing an 
appropriate aggregate curve.  

The fineness modulus is a calculation of the mean particle size for a given grading 
curve and can be regarded as an indication of the specific surface area of a certain ag-
gregate composition. It does not provide any information about the specific surface 
area when comparing two different aggregate types; it is only valid for different com-
binations of aggregate fractions within each aggregate type. Note that the relation be-
tween fineness modulus and the specific area shall only be regarded as a description of 
the coarseness of a combined aggregate. Crushed aggregate for instance, with a raw 
surface has higher specific area for each particle than smooth natural rounded even if 
the fineness modulus are equal.  

The fineness modulus on its own does not provide sufficient information to base a de-
cision about an appropriate grading curve because two different aggregate types with 
different surface properties can have almost equal fineness modulus. However, it gives 
important information in aggregate optimization since lower fineness modulus, com-
pared with a higher value for the same aggregate type, will increase the water demand 
and the cement paste needed. It is thus desirable to keep the fineness modulus rela-
tively high. 

The fineness modulus is calculated by an addition of the remained amount of material 
on the standard sieves 0.125, 0.250, 0.5, 1, 2, 4, 8, 16. Only half of the remaining ma-
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terial in the 0.125 sieve is included and particles smaller than 0.125mm are excluded. 
It shall be pointed out that the fineness modulus calculation can vary between different 
countries. The above mentioned fineness modulus is calculated according to the Swed-
ish method (Betonghandboken 1997). 
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Figure 3 Illustration of a calculated fineness modulus for a grading curve.  

3 RESULTS AND ANALYSIS

3.1 Summary of all test results 
Each of the three tests was done three times and in table 2 the mean values are given 
for the dense and loose packing test, the V-funnel test and the calculated fineness 
modulus. These test results are limited to the 21 tested compositions. However, for 
concrete mix-design many other proportions not tested here can be used.  

As a general summary from the analysis of performed tests, it can be concluded that 
the fine aggregate content, the 0-4mm fraction, plays a dominant role for the proper-
ties of an aggregate composition. The 0-4mm fraction will also influence the relation 
between the tested characterization methods, e.g. degree of packing, V-funnel flow 
and calculated fineness modulus. 

The shaded area il-
lustrates the calcu-

lated fineness 
modulus 
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Table 2 Results from the aggregate tests and the calculated fineness modulus for Type I 
and Type II. 

Type I Type II 

No. Dense 
packing 

Loose 
packing 

V-funnel 
(s)

Fineness 
modulus 

Dense 
packing 

V-funnel
(s) 

Fineness 
modulus 

1 0.668 0.536 3.22 2.588 0.672 2.96 3.763 
2 0.569 0.499 3.733 5.499 0.598 3.77 5.542 
3 0.576 0.486 5.553 6.504 0.590 5.41 6.640 
4 0.705 0.587 3.613 3.170 0.697 2.92 4.119 
5 0.723 0.617 3.050 3.752 0.682 3.04 4.475 
6 0.718 0.635 3.053 4.335 0.673 3.25 4.830 
7 0.660 0.613 3.207 4.917 0.625 3.43 5.186 
8 0.585 0.506 4.063 5.700 0.614 3.83 5.762 
9 0.594 0.531 4.113 5.901 0.624 4.21 5.981 

10 0.598 0.527 4.573 6.102 0.624 4.65 6.201 
11 0.592 0.502 4.973 6.303 0.618 5.03 6.420 
12 0.721 0.602 3.920 3.371 0.708 3.14 4.338 
13 0.749 0.639 3.779 4.154 0.719 3.66 4.914 
14 0.763 0.642 3.607 4.938 0.721 4.15 5.489 
15 0.700 0.584 4.790 5.721 0.677 4.74 6.065 
16 0.745 0.628 3.373 3.953 0.709 3.40 4.694 
17 0.740 0.647 3.270 4.536 0.697 3.54 5.050 
18 0.675 0.637 3.460 5.118 0.650 3.70 5.406 
19 0.751 0.633 3.417 4.737 0.710 3.77 5.270 
20 0.695 0.619 3.730 5.319 0.675 4.14 5.625 
21 0.696 0.652 3.850 5.520 0.681 4.37 5.845 

 

3.2 The degree of dense packed aggregate 
Figure 4 illustrates the degree of dense packing in a triangular diagram valid for ag-
gregate Type I and Type II. The shaded area is illustrating the “packing peak”, i.e. the 
area where the highest degree of packing was reached. For both tested aggregate 
types, four different aggregate compositions will reach the highest possible degree of 
packing. Type I reaches a maximum degree of packing in the interval 0.75 to 0.76 and 
for Type II, the peak appears in the same area with the corresponding degree of pack-
ing in the interval 0.71 to 0.72. For concrete mix-design purposes, it means that the 
least void content for the tested aggregate types can be achieved by relatively many 
different combinations of aggregate compositions, i.e. the highest degree of packing 
does not seem to be an absolute value.  



119 

0 ,5849 0 ,5942 0 ,5982 0 ,5922

90 1 00807060500 1 0 20 30 40

1 00

90

80

70

60

50

40

30

20

1 0

01 00

90

80

70

60

50

40

30

20

0

1 0

0,6682

0 ,5693 0 ,5765

0 ,7057

0 ,7238

0 ,71 84

0 ,6604

0 ,7209

0 ,7490

0 ,7634

0 ,6975

0 ,7454

0 ,7394

0 ,6749

0 ,751 3

0 ,6950 0 ,6958

0-44-8

1 1 -1 6

0 ,6 1 37 0 ,6244 0 ,6242 0 ,61 81

0 ,7092

0 ,6972

0 ,6502 0 ,6747 0 ,681 1

4030201 00 50 60 70 80 1 0090
0

1 0

20

30

40

50

60

70

80

90

1 00

1 0

0

20

30

40

50

60

70

80

90

1 00

0 ,6724

0 ,5977 0 ,5899

0 ,6967

0 ,681 6

0 ,6732

0 ,6252

0 ,7078

0 ,7 1 88

0 ,7208

0 ,6771

0 ,71 03

0-4
4-8

1 1 -1 6  
Figure 4 Dense degree of packing illustrated in a triangular diagram. The left figure is 

valid for aggregate Type I and right figure is valid for aggregate Type II. The 
shaded area is representing the interval with the highest degree of packing. For 
Type I this interval is 0.75- 0.76 and for Type II the shaded area is in the inter-
val 0.71-0.72. 

When interpreting the results from the packing tests, it can be concluded that the de-
gree of packing is mainly a function of the fine aggregate content, 0-4mm. For the two 
tested aggregate types, the degree of packing will be almost equal irrespective of the 
distribution of the 4-8mm and 11-16mm content, which is illustrated in Figure 5 and 
Figure 6.  

In Figure 5 and Figure 6 the degree of packing is plotted versus the 0-4mm content 
divided in groups of constant 4-8mm content. It can thus be concluded that for a given 
0-4mm content, the degree of packing is almost independent from the distribution of 
the coarse aggregate. This particular behavior has also been reported by Domone et al. 
(1994). However, there is a slight decrease of the degree of packing for a given fine 
aggregate content, 0-4mm, if the 11-16mm content is decreased and replaced by 4-
8mm, i.e. when the 4-8mm increases. This behavior seems to be valid for both of the 
tested aggregate types. The maximum degree of packing is obtained when the fine 
aggregate content, 0-4mm, is in the interval 40% to 60% of the total aggregate content 
for both tested aggregate types. 
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Figure 5 Degree of packing plotted versus 0-4mm content in % of the total aggregate 
weight  for aggregate Type I. 
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Figure 6 Degree of packing plotted versus 0-4mm content in % of the total aggregate 

weight  for aggregate Type II. 

The least void content, when composing aggregate in concrete mix-design, is favor-
able for two reasons; 1) it will create a stable aggregate skeleton with well graded par-
ticles which will act as a ball bearing system when moving, i.e. improved workability, 
and 2) the void to be filled with cement paste is minimized with remaining workabil-
ity, i.e. the paste content needed will not be larger than necessary. 

The degree of packing 
will slightly decrease 

while the 11-16mm con-
tent decreases and are 

replaced by 4-8mm for a 
fixed 0-4mm content. 
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However, the interpretation of a packing test is probably more complicated than only 
searching for the least void content. For instance, a high fine aggregate content will 
result in high specific surface area, which calls for a higher paste content and also 
higher water demand. The results from the tests performed in this paper have shown 
that maximum degree of packing can be achieved with at least four different aggregate 
compositions with varying fine aggregate content. It can thus be suspected that the 
degree of packing on its own does not give enough information to base a decision re-
garding an optimal combination of aggregate in concrete mix-design. Even if the least 
void content is found, there are other properties that will influence the essential aggre-
gate properties in concrete mix-design, such as the specific surface and the friction 
between particles. 

3.3 The degree of loosely packed aggregate 
Figure 7 shows the results from the loose packing test in a tertiary diagram valid for 
aggregate Type I. It can be seen that the packing peak includes eight, relatively wide 
spread, aggregate compositions. The basic assumption of using loosely packed aggre-
gate for self-compacting concrete mix-design is that the particle distribution when 
loosely packed reflects the conditions in a concrete mix. For this particular case, it 
should mean that eight different aggregate compositions can be classified as appropri-
ate for a SCC mix with respect to maximum degree of packing. These eight aggregate 
compositions are showing a relatively wide spread in their grading curves and it can 
be suspected that they will give quite different concrete properties.  

It can thus be difficult to interpret such a result when applying them to concrete mix-
design. Further, it can also be suspected that the wide spread in peak-values is a result 
of the uncertainty in the measurement method. A characterization method should be 
reliable, repeatable and relatively easy to interpret, which seems to be a problem with 
loosely packed aggregate. It is also not clarified that the distribution of loosely packed 
aggregate actually reflects the aggregate distribution in concrete. Loosely packed ag-
gregate, just poured into a bucket, might be a relatively uncertain measurement 
method. 
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Figure 7 The degree of loosely packed aggregate illustrated in a triangular diagram valid 

for aggregate Type I. The shaded area illustrates the aggregate compositions 
that reached the highest degree of packing ranging in the interval 0.63 to 0.65 

3.4 The V-funnel flow 

3.4.1. Properties affecting the V-funnel flow 
The V-funnel flow test used on aggregates is a measurement of the time needed for a 
certain aggregate composition, loosely piled in the funnel, to flow out. The funnel 
opening is 65·65mm and the sample flows by gravity. It can be suspected that higher 
coarseness and higher particle friction will increase the flow time. The particle friction 
is probably affected by both coarseness and particle shape together with the particle 
size. For a practical concrete mix-design procedure it is desirable to have a simple and 
reliable test method to estimate a collective effect of these properties.  

According to Kennedy (1940), an excess of cement paste between the aggregate parti-
cles is very important to ensure workability of concrete. Friction between the aggre-
gate particles will decrease workability of the concrete if the paste content is not high 
enough. Further, Okamura (1997) is describing that blocking is related to the direct 
contact between aggregate particles when passing a narrow space. The traditional so-
lution to prevent blocking has been to lower the water-to-powder ratio or increasing 
the paste content, which will result in a limitation of the coarse aggregate content. 
However, if the particle friction is limited in the dry aggregate skeleton, the paste 
needed to manage the friction and blocking criteria might be decreased. Based on 
these assumptions, it would be preferable to use an aggregate composition with a fast 
V-funnel speed for self-compacting concrete. 

The interpretation of the results from the V-funnel tests show that the flow time will 
decrease significantly when the 0-4mm content increases, see Figure 8. Furthermore, 
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for each group comprising a fixed 0-4mm content, the V-funnel flow time will also 
decrease if the 11-16mm aggregate content is decreased and replaced by 4-8mm, i.e. 
when the fineness modulus is lowered.  
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Figure 8 V-funnel flow time plotted against the 4-8mm content for a fixed fine aggregate 

content, 0-4mm, valid for a) aggregate Type I and b) aggregate Type II. 

3.4.2. V-funnel flow in relation to the degree of packing 
A grading curve based on densely packed aggregate is assumed to result in a stable 
aggregate skeleton with a ball-bearing effect when moving. It is favourable because 
sufficient workability can be obtained with a lower paste content Based on this as-
sumption it can thus be suspected that a high degree of packing will improve the V-
funnel flow.  

In Figure 9 the degree of packing is plotted versus the V-funnel flow time for aggre-
gate Type I and Type II, respectively. They are grouped by their fine aggregate con-
tent, 20%, 40%, 60% and 80-100% 0-4mm. It can be concluded that there is a general 
relation between the degree of packing and the V-funnel flow time, where increased 
packing will result in lower V-funnel flow time, which is illustrated by the arrows in 
Figure 9 a and b.  

When interpreting the results with respect to their fine aggregate content, 0-4mm, the 
results show a slightly different behaviour. For a given 0-4mm content, 20%, 40%, 
60% and 80-100%, the V-funnel flow time will slightly increase as the degree of pack-
ing increases. Assume that the fine aggregate content is 40% of the total aggregate 
content. For this case, the lowest V-funnel flow time can be obtained when the 4-8mm 
content is 60% and the 11-16mm content is zero. If the 4-8mm content is decreased 
and replaced by 11-16mm, the degree of packing will increase but at the same time, 
the V-funnel flow time will slightly increase. In this particular case, also the fineness 
modulus will increase. This phenomenon is valid for all different contents of 0-4mm 
and is also valid for both tested aggregate types. 
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Figure 9 Degree of packing plotted versus the V-funnel flow for aggregate Type I and 

aggregate Type II. The arrow in each figure represents the obtained general 
trend; the V-funnel flow will decrease while the degree of packing increases. 

3.5 The fineness modulus 

3.5.1. Fineness modulus in relation to the degree of packing 
Fineness modulus indicates the specific surface of the aggregate. The specific surface 
influences the needed amount of paste to make the concrete workable. High degree of 
packing reduces the paste needed to fill the remaining void. It can thus be an alterna-
tive to add the fineness modulus as a parameter when interpreting a packing result. 

It has been concluded that the degree of packing, for the aggregates tested here, 
mainly is a function of the fine aggregate content, which is also reflected in the rela-
tion between the degree of packing and the fineness modulus, illustrated in Figure 10 
and Figure 11. In these two figures the degree of packing is plotted against the fine-
ness modulus grouped by the 0-4mm content. A general trend is that the degree of 
packing will slightly increase as the fineness modulus increases until a peak value of 
the packing is reached. Beyond the peak value, the degree of packing will dramatically 
decrease when the fineness modulus continues to increase.  

If Figure 10 and Figure 11 are interpreted with respect to a fixed fine aggregate con-
tent, 0-4mm, it can be seen that the degree of packing will increase as fineness 
modulus also increases. This reflects the results discussed in section 4.1 regarding the 
V-funnel flow time. For a given 0-4mm content, the degree of packing increases as the 
4-8mm content decreases and is replaced by 11-16mm.  

As illustrated in Figure 10, an almost equal degree of packing, 0.72 to 0.76, can be 
reached with a relatively wide spread in the fineness modulus, 3.8 to 5.0, which is 
mainly a result of the fine aggregate content. It can also be seen in Figure 10 that an 
equal fineness modulus, e.g. 5.8, can result in aggregate compositions with a degree of 
packing that is either 0.57 or 0.70. 
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It is desirable to choose the fineness modulus as high as possible because of the strong 
correlation between fineness modulus and water and paste demand. However, the void 
to be filled with paste will decrease at increased packing. Cement paste needed is thus 
a combined effect of both the free voids to fill with paste and the aggregate surface to 
be covered with paste. The optimal combination is theoretically small voids together 
with a small aggregate surface area.  
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Figure 10 Degree of packing plotted against the fineness modulus grouped by the fine 

aggregate content, valid for aggregate Type I. 
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Figure 11 Degree of packing plotted against the fineness modulus in groups of a fixed 

fine aggregate content, valid for aggregate Type II. 

For almost equal de-
gree of packing the 
fineness modulus vary 
between 3.8 and 5.0. 

For equal fineness 
modulus the degree 
of packing can be 
either 0.7 or 0.57. 
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3.6 Concluding remarks from the laboratory tests 
The evaluated practical aggregate tests have shown some main tendencies that can be 
summarized as;  
• The degree of packing is mainly a function of the fine aggregate content and high 

packing degree can be reached with different aggregate compositions. For a given 
fine aggregate content, there is a small decrease in the degree of packing while the 
coarser aggregate proportions are changed, i.e. the 11-16mm is decreased and re-
placed the 4-8mm. For any given fine aggregate content, the highest degree of pack-
ing will be reached by a gap graded aggregate, which in this paper means 0% 4-
8mm. 

• The V-funnel flow is mainly a function of the fine aggregate content where higher 
fine aggregate contents significantly improves the V-funnel flow, which also de-
creases the fineness modulus.  

• The V-funnel flow is also a function of the proportions of the coarse aggregate. For 
a given fine aggregate content, every increase of the 4-8mm content will improve 
the V-funnel flow and an increase of the 11-16mm will decrease the V-funnel flow. 

• High packing degree is partly related to a fast V-funnel flow. 

Test methods aimed at optimizing an aggregate composition for concrete shall make it 
possible to interpret the effect of a wide set of aggregate properties, e.g. particle size, 
surface texture, particle shape. These aggregate properties will altogether influence the 
concrete mix and its corresponding properties. The evaluated test methods together 
with the fineness modulus have shown some significant relations. In Figure 12, the V-
funnel flow is plotted versus the degree of packing for aggregate Type I and Type II, 
which forms an elliptic area. In addition, packing and the calculated fineness modulus 
are also related for both of the aggregate types in a similar way.  
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Figure 12 Relation between V-funnel flow and degree of packing for the two tested ag-

gregate types, left figure valid for aggregate type I and right figure for aggre-
gate type II. 
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The relation between V-funnel flow, degree of packing and the fineness modulus can 
thus generally be illustrated with an elliptic area as illustrated in Figure 13. It is a gen-
eral trend that higher degree of packing will improve the V-funnel flow, which has 
been shown to be an effect of increased fine aggregate content, illustrated with the red 
dashed line in Figure 13. If the 0-4mm content decreases, the fineness modulus will 
increase and the V-funnel flow and the degree of packing will decrease. For a given 0-
4mm content along the red line, the degree of packing can be improved by a redistri-
bution of the coarse aggregate, illustrated with the blue dashed line. By decreasing the 
4-8mm content and replace it with 11-16mm, the degree of packing will increase, 
which also means that the fineness modulus will increase. Analogous, the flow can be 
improved for a given 0-4mm content along the red line. By decreasing the 11-16mm 
and replacing it with 4-8mm, the V-funnel flow will be improved and the fineness 
modulus will be decreased. Increased V-funnel flow will always result in a decreased 
fineness modulus.  
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Figure 13 Illustration of the relations between packing degree, V-funnel flow and fine-

ness modulus for dry aggregate. 

The elliptic area illustrated above can preferably be established for a chosen type of 
material since it gives a quick overview of the interaction between the parameters; 
degree of packing, V-funnel flow and fineness modulus.  



128 

4 METHOD FOR AGGREGATE OPTIMIZATION AIMED FOR SCC

4.1 Demanded concrete properties to fulfil 
The main objective when choosing an aggregate grading curve aimed for SCC is to 
fulfil, besides demands on strength and durability, the fresh properties requirements; 
filling ability, passing ability and resistance to segregation, see chapter 1.3 

One of the basic ideas when optimizing the aggregate skeleton for SCC is to utilize the 
properties from the available material and to tailor the mix regarding structural per-
formance, which might improve the cost-effectiveness. Decisions shall thus preferably 
be based on material related behaviour in combination with demanded workability and 
the properties of the element to be cast.  

4.2 Conditions for choosing an appropriate grading curve 
Concrete can be regarded in its fresh phase as solid particles, cement, aggregate and 
mineral additives, suspended in water. Choosing an appropriate aggregate grading 
curve shall thus include the influence from all solid particles in concrete since they 
will all together affect the properties of the fresh concrete. However, the influence 
from cement and mineral additives in concrete can be taken into consideration by re-
garding aggregate suspended in paste, cement, water and mineral additives.  

Powers (1932) was discussing how different sand content influences the workability 
of fresh concrete when combined with varying water-to-powder ratios. Powers stated 
that for a given water-to-cement ratio and demanded workability, there is an optimal 
sand content. By optimal, Powers meant the least cement content needed. Further, 
Powers stated that if a given water-to-cement ratio was combined with its correspond-
ing optimal sand content, the distribution of the coarser fractions will be of secondary 
importance regarding cement requirement and workability. Powers meant that the 
maximum density of aggregate is not the most important parameter for choosing the 
sand content, but the optimum sand content will probably be close to the densest ag-
gregate composition. 

The effect of the fine aggregate content in combination with a given paste is a com-
monly used parameter in self-compacting concrete mix-design, called the fine aggre-
gate to mortar quote. This quote is one of the key parameters determining the worka-
bility of the mortar, which also influences the concrete workability. Okamura (1997) is 
suggesting that the quote shall be approximately 40%. Domone (2006) presented an 
evaluation of successful applications of SCC where the average fine aggregate to mor-
tar quote for the evaluated mixes was 47%.  

In paper A in Utsi (2008), an experimentally based method for choosing the most ap-
propriate content of fine aggregate in micro mortar aimed for SCC is suggested. The 
content is chosen with respect to the properties of available material, the water-to-
powder ratio and the level of demanded workability. With the suggested method, the 
so called 25-value can be evaluated. 25 is defined as the most appropriate ratio, for 
the demanded workability, between the finest aggregate particles and the total content 
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of cement and mineral additives. Since it is experimentally based, it is a material re-
lated parameter that is a direct connection between the micro mortar phase and the 
aggregate grading curve. 

When an aggregate grading curve is to be selected, it can be based on results from the 
three suggested characterization methods; degree of packing, V-funnel flow and fine-
ness modulus. However, it has been concluded that similar degree of packing can be 
achieved from aggregate compositions with different fine aggregate contents. The 
suggestion to an interpretation of an aggregate test with the aim to choose an appropri-
ate aggregate grading curve is based on:  

the fine aggregate content 
the demands on passing ability  
the properties of the paste to be used 

4.3 Method for selection of an aggregate grading curve 

4.3.1. The fine aggregate content 
From the results presented in this paper it has been concluded that the degree of pack-
ing is mainly a function of the fine aggregate content. High packing can be received 
with an interval of fine aggregate content. The size of this interval will probably vary 
depending on the aggregate type. The fine aggregate content in concrete will, in addi-
tion, highly influence the fresh concrete properties.  

The first step in the suggested aggregate optimization method is thus to identify the 
Fine Aggregate high packing INterval, denoted hereafter as the FAIN-interval, see 
Figure 14. It is the interval of fine aggregate content where the highest degree of pack-
ing occurs. 
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Figure 14 Identifying the fine aggregate content interval where the highest degree of 

packing occurs, i.e. the FAIN-interval. 

4.3.2. The demands on passing ability 
The demands on passing ability are mainly based on the structural element to be cast 
and can thus vary between low or high demands. To manage high passing demands, it 
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can performed by replace the coarse aggregate content with fine aggregate content or 
it can be performed by composing the coarse aggregates in a manner that facilitate the 
passing through narrow spaces. Depending on how the fine aggregate content is cho-
sen within the FAIN-interval, the remaining coarse aggregate content will vary.  

Low demands on passing ability: The fine aggregate content can be low within the 
FAIN-interval. If the concrete can manage the blocking criteria when paste is added, it 
might be an economical solution.  

High demands on passing ability: The distance between the coarse aggregate particles 
can be increased by either a high fine aggregate content or a lower fine aggregate con-
tent together with increased paste content, or these two alternatives together. The in-
teraction between the fine aggregate content and the paste content is discussed in the 
next section.  

The coarse aggregate gradation can also be based on the V-funnel flow test results. 
Higher V-funnel flow is an indication of the inner particle friction between the aggre-
gate particles. It has been concluded, based on the results presented in this paper, that 
higher V-funnel flow can be achieved when the coarsest particles are decreased.  

4.3.3. The properties of the paste 
Filling ability shall always be fulfilled in a SCC mix. It can however be achieved with 
different degree of workability, which is mainly a function of the workability of the 
mortar, i.e. the relation between cement paste and fine aggregate content.  

The relation between the paste properties and the fine aggregate content can be evalu-
ated experimentally with the method suggested in paper A in Utsi (2008). However, 
generally it can be said that higher fine aggregate content demands higher paste and 
water content in comparison to lower fine aggregate contents (Powers, 1932). Choos-
ing an appropriate aggregate grading curve shall thus also include the properties of the 
cement paste aimed to be used. 

In case of low water-to-powder ratio, the fine aggregate content can be chosen from 
the lower limit in the FAIN-interval, since lower w/p-ratio generally shall be com-
bined with lower fine aggregate contents. However, it might happen that blocking or 
particle interference occurs. The fine aggregate content and the corresponding paste 
content must than be further increased to increase the distance between the coarse ag-
gregate particles. 

In case of relatively high water-to-powder ratio, the fine aggregate content can be cho-
sen from the upper limit in the FAIN-interval, even if combined with moderate paste 
content, since higher water-to-powder ratio normally can comprise higher fine aggre-
gate contents. It will automatically result in lower coarse aggregate content. 

4.3.4. Working procedure for the aggregate optimization 
To fully utilize the potential with an aggregate optimization, decisions shall be based 
on the common effect from some important factors. The working procedure for how 
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an aggregate grading curve can be chosen based on material related parameters is il-
lustrated in Figure 15. 

From the packing test, the interval of fine aggregate content that receives the highest 
degree of packing can be determined, i.e. the FAIN-interval is established. The chosen 
fine aggregate content shall be based on the FAIN-interval, the properties of the paste 
to be used and the demands on passing ability.  

The coarse aggregate gradation is determined from the V-funnel flow test together 
with the calculated fineness modulus. Higher V-funnel flow can preferable be used in 
case of high demands on passing ability. A higher fineness modulus can be the deci-
sive factor in case of low demands on passing ability.  

From the chosen fine aggregate content, the coarse aggregate content can be calcu-
lated. An initial trial mix can be composed, based on all materials to be used and de-
mands on the cement paste.  

The trial mix can be evaluated based on established test methods for self-compacting 
concrete. Adjustments shall be performed based on the observations from the trial 
mix.  

A full description of how a SCC mix can be composed, based on aggregate optimiza-
tion and micro mortar tests, is presented Utsi (2008). 
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Figure 15 Suggested working procedure for an aggregate optimization based on the sug-

gested test methods. 
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5 DISCUSSION

The aggregate optimization method proposed in this paper is based on three known 
test and evaluation methods; degree of packing, V-funnel flow and fineness modulus. 
These three key parameters will together sufficiently describe the complexity of ag-
gregate properties that are of importance for concrete mix-design, here with focus on 
properties valid for self-compacting concrete. The results from this paper is showing 
the potential in putting more efforts in the aggregate optimization and the possibility 
to connect a specific grading curve to stated performance specifications.  

It has been discussed, based on performed tests, that one single aggregate characteriza-
tion method seldom is enough for a proper interpretation with respect to the influence 
from an aggregate grading curve on the fresh concrete properties. It has been con-
cluded that the highest packing for both of the tested aggregate types will be obtained 
when the fine aggregate content is ranging from 40% to 60% of the total aggregate 
content. In a concrete mix, these two amounts will affect the concrete properties dif-
ferently because of the close relation between fine aggregate content, paste content, 
water content and mortar workability. A high packing degree is often declared to de-
crease the paste content needed for remained workability, since the voids to be filled 
with paste will decrease, Goltermann et al. (1997). However, the paste shall, in addi-
tion to fill the free voids, also enclose each aggregate particle. The aggregate surface 
area will thus highly influence the paste content needed. The fineness modulus is an 
indication of the surface area of an aggregate grading curve and the results have 
shown that equal high packing can be obtained for aggregate compositions with a rela-
tively wide spread in fineness modulus. Choosing an aggregate grading curve only 
based on the highest degree of packing can be misleading since the particle surface 
area also highly influences the paste content needed. It is thus essential, when working 
with aggregate optimization, to know how to interpret the results properly to receive 
the most appropriate grading curve for a specific application. 

The relation between fine aggregate, water content and content of cement and mineral 
additives is essential regarding the workability of self-compacting concrete. Thus, an 
aggregate optimization by its own does not provide sufficient information to make 
adequate decisions regarding the combinations of aggregate since concrete is a matrix 
of all solid particles, including cement and mineral additives, suspended in water. The 
suggested method is based on Powers theory about “the optimal sand content”, and it 
is here suggested that also the composition and properties of the paste are included. It 
will facilitate the possibility to choose aggregate grading curve based on the properties 
of all included solid particles in concrete and its relation to water demand. 

The potential in establishing a description of the aggregate characteristics, together 
with the knowledge of the corresponding paste, offers a support for decisions regard-
ing the optimal aggregate grading curve for a specific demand on consistency and 
economy of the concrete mix. 
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6 CONCLUSIONS

Based on obtained test results and evaluation of the interaction between them, the fol-
lowing conclusions are made: 

• It has been concluded that results from three test methods; degree of packing, V-
funnel flow time and fineness modulus, mainly are depending on the fine aggregate 
content. 

• It has been concluded that the three tested key parameters are strongly related to 
each other and the interaction can be illustrated by an elliptic area describing V-
funnel flow as a function of the degree of packing for different aggregate composi-
tions. 

• The results from this paper indicate that one single aggregate characterization 
method seldom is enough for decisions regarding the most appropriate aggregate 
grading curve. 

• Choosing an aggregate grading curve can be based on the fresh SCC properties re-
quirements; filling and passing ability, chosen in accordance with the structural per-
formance conditions. 

• Loosely packed aggregate have been tested and evaluated as a parameter in SCC 
mix-design. It was concluded that loosely packed aggregate, just poured into a 
bucket, might be a relatively uncertain method with a high number of compositions 
with almost the same high degree of packing. It can be difficult to interpret such a 
result when applied on concrete mix-design.  

• An aggregate characterization method shall be reliable, repeatable and relatively 
easy to interpret for further use in concrete. The full potential with an aggregate op-
timization can be achieved when the material related parameter describing the inter-
action between fine aggregate and paste properties is included.  
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HEAT AND STRENGTH DEVELOPMENT FOR CONCRETE  
CONTAINING FLY ASH 

Sofia Utsi and Jan-Erik Jonasson, Luleå University of Technology 
 

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 estima-
tions of need for protection against early freezing for concrete mixes containing fly 
ash in different amounts. 
 

1 INTRODUCTION

1.1 Heat development and strength growth 
Hydration in concrete is an exothermic chemical reaction. A few hours after the con-
crete 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 cur-
ing 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. 

1.2 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 (Papadakis et al., 1992 and Fraay 
et al., 1989).  

The in-corporation of fly ash in concrete can be performed in three different ways, 
Berry and Malhotra (1980): 

1. Exchange cement with fly ash by weight on a 1:1 basis 

2. Exchange parts of the cement and parts of the aggregate 

3. Adding fly ash in addition to the cement as a part of the fine aggregate 
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According to Cannon (1968) fly ash contributes to the concrete strength in three dif-
ferent 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 com-
pressive strength, and the strength growth may be low in the beginning, but the growth 
usually continues up to at least 6 months (Berry and Malhotra, 1980). 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 (Cannon, 1968). This points out that 
the relation between fly ash and cement is one of the decisive parameters describing 
the strength growth. 

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. 

1.3 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. Further, data from a tendency model shall be possible to use 
in structural analyses to be able assess effects of using variable fly ash contents for 
different structures at different conditions as a part of a production planning. 

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 lev-
els. Tests have been performed on concrete with two different water-to-cement ratios 
containing fly ash in three different amounts. 

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 com-
bination of variable fly ash and variable water content. 

2 LABORATORY TESTS

2.1 Material properties and Test program 
Concretes containing different amounts of fly ash can be characterized by the equiva-
lent water-to-cement ratio, w0/Cequ, calculated according to Eq. 1. In recommendations 
and codes the efficiency factor in Eq. 1 is given specific values.  
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FAkC
w

C
w 0

equ

0    (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, ei-
ther 0.4 or 0.5, the water content and the equivalent cement content have retained con-
stant. 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. 

The water-to-cement ratio, w0/C, is calculated by rearrangement of Eq. 1 as 

C
FAk

C
w

C
w

equ
100    (2) 

All tests presented here are produced with concrete based on the Swedish cement type 
Anläggningscement Std P Degerhamn CEM I 42.5 N BV/SR/LA, produced by Ce-
menta AB aimed for civil engineering structures, and the fly ash is black coal fly ash 
from Rostok, Poland, produced by Warnow-Füller. It fulfills demands according to 
SS-EN 450 and is allowed for concrete production according to demands stated by SS-
EN 206. 

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.  
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Table 1  Mix compositions for performed heat development and strength growth 
tests.  

Mix No. FA/C W0/Cequ k 
C

kg/m3
FA

kg/m3

1 0 0.40 - 430 - 

2 0.06 0.40 0.4 420 25.2 

3 0.11 0.40 0.4 412 45.3 

4 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 

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 calo-
rimetric 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 tem-
perature 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 surrounding 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 fur-
ther Ekerfors and Jonasson (2000). 
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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 Jonasson 
(1984). 

1

1
1 1 )]

t
t

[ln(expW
B

W
W e

U
tot

B   (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  [-] are individual fitting parameters valid for each tested mix. 1=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 occa-
sions 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. All cubes are tested 
wet. 

The strength growth for all tested mixes is evaluated with according to Eq. 4, where 
the lower formula is proposed by Kanstad et al (1999). The upper formula for te  tA is 
intended for very early age strength estimations to be able to assess trowelling and 
slipform actions, buy here no measurements are performed in this region. 
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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 ex-
pressed by the temperature equivalent time, te, described by Jonasson (1994) as 

t
Te dtt     (5)  
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where t = time [s, h or d], T is the factor for temperature sensitivity, often called the 
maturity function, which can be expressed (Freisleben Hansen and Pedersen, 1977, 
and Byfors, 1980) by: 

C

C
T

(exp
T

 -10 Tfor                                              0

 -10Tfor          
273

1  
293
1

 (6) 

where (Jonasson, 1984) 

3

10
30

Tref    (7) 

where ref [K] and 3 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 proce-
dure described in Ekerfors and Jonasson (2000). No significant variation between the 
tested mixes regarding the -value could be found. It is thus concluded that the varia-
tion 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: 
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Figure 1 Maturity function valid for tested mixes 1-18. 
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3.2 Heat development 
Mixes 1-18 are individually evaluated in accordance with Eq. 3, and Figure 2 shows 
the evaluation for mix 1 and mix 11. It can be concluded that Eq. 3 satisfactory de-
scribes the hydration process. Calculations can recreate measured temperatures within 
approximately  1 C. 
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Figure 2 Individual evaluation of the heat of hydration for mix 1 and 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 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 parame-
ters for use of Eq. 3, have shown to give a satisfactory agreement with the tested heat 
developments for the concrete mixes 1- 18. 

wrefU WW    (8) 

101     (9) 

with the following numerical expressions: 
2

0
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20275
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2

1 0.8
10.21 C/FAexp   (13) 

25
0

1 0.54
2.78

C/w
expt  [h]  (14) 

In Figure 3 and Figure 4 the individually evaluated WU, t1 and  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 to each 
individual evaluation. 
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Figure 3 Calculated WU,calc plotted versus the individually evaluated WU,ind for mixes 1-
18. 
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Figure 4 Left figure: Calculated t1 plotted versus the water-to-cement ratio and  

right figure: plotted versus the individually evaluated for mixes 1-18. 



147 

Figure 5 is showing the predicted heat of hydration calculated with the suggested ten-
dency model and it is compared to the measured for mixes 1-5. It can be concluded 
that the heat of hydration acceptably can be described with the presented model. 
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Figure 5 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 per-
formed 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 Figure 6. It can be con-
cluded that a satisfactory agreement can be received by using Eq. 6 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. 6 alone. 
The 91-day compressive strength is expressed with a separate formula, see further Eq. 
25. 
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Figure 6 Individually evaluated compressive strength for mix 1 and mix 18 with meas-

ured f28 = 73.8 MPa and f28 = 33.0 MPa, respectively. The dotted line is com-
pressive strength calculated with the tendency model. 

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. Analo-
gous 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 Figure 6 are examples where the proposed tendency 
model is applied. 

The numerical tendency model can be described by: 

frefff28    (15) 

s)ss(ss 010    (16) 

with the fitting parameters:  
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In Figure 7 and Figure 8, the measured f28 and individually evaluated s and tS are plot-
ted versus the calculated values using the tendency model for mixes 1-18. 
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Figure 7 Calculated f28 plotted versus the measured for mixes 1-18 
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Figure 8  a) Calculated s plotted versus the individually evaluated for mixes 1-18, and 
b) ts as a function of the fly ash content. 
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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 

919191 ref,ff    (25) 

FAmax191    (26) 

f91,ref  is calculated with Eq. 4 for te =91d =2184h. 91 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: 

5

540
01420
.

C/wexp.max   (27) 

160
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.
C/FAexpFA    (28) 

A comparison between individually evaluated and calculated enlargement factors for 
the 91-day compressive strength is illustrated in Figure 9. It can be noticed that for 
mix 18 (=highest 91 value in Figure 9), 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 9. 
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Figure 9  Calculated 91 values using the tendency model plotted versus individual evalu-

ated values 
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4 THEORETICAL STUDY OF THE EFFECT FROM DIFFERENT FLY ASH CON-
TENTS

4.1 Choice of structure and mix composition 
Calculations are performed on an assumed civil engineering structure, Figure 10. It 
comprises a bottom slab, walls and a top slab. Calculations are performed in section A 
of the top slab with 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 45MPa. For 
w0/Cequ = 0.5 the reference mix with 0% fly ash contains 400 kg/m3 with a required 28-
days compressive strength of 35MPa. 

0.7m 

Section B

Section A
0.8mm 

w0/Cequ=0.40 
w0/Cequ=0.50 

w
0/C

eq
u=

0.
40

 

 
Figure 10  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. 420kg/m3 and 400 kg/m3, respectively, with 
an efficiency factor of 0.4. Material parameters for the usage of the computer program 
ConTest (2008) are determined in accordance with the tendency model presented in 
section 3. The mix composition and the calculated heat and strength parameters are 
presented in Table 2. 
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Table 2  Mix composition and calculated material parameters used in computer pro-
gramConTest (2008). 

0% Fly ash 11% Fly ash 25% Fly ash 40% Fly ash 
w0/Cequ 0.40 0.50 0.40 0.50 0.40 0.50 0.40 0.50 
C [kg/m3] 420 400 378 360 336 320 300 286 
w0 [kg/m3] 168 200 157 189 149 175 140 165 
FA [kg/m3] 0 0 42 40 84 80 120 114 
k [-] - - 0.4 0.4 0.4 0.4 0.4 0.4 
WU [J/kg] 261305 263932 241896 244430 217096 219474 190401 192569 

1 [-] 1 1 1 1 1 1 1 1 
t1 [h] 10.70 10.33 10.70 9.76 10.68 8.55 10.64 8.01 

1 [-] 1.964 1.86 1.96 1.832 1.97 1.812 1.993 1.809 
f28 [MPa] 66.3 47.9 64.8 46.5 63.0 44.9 61.1 43.2 
s [-] 0.309 0.358 0.327 0.367 0.352 0.365 0.359 0.361 
tS [h] 3 3 3.3145 3.3145 4.2516 4.2416 5.0775 5.0775 
tA [h] 4.5 4.5 4.972 4.9717 6.3774 6.3774 7.6162 7.6162 

A [-] 3 3 3 3 3 3 3 3 

ref [K] 3870 3870 3870 3870 3870 3870 3870 3870 

3 [-] 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 
 
The calculated values of f28 in Table 2 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. 

4.2 Results for section A of the top slab 

4.2.1. Assumed performance conditions and demanded target values 
In section A of the top slab calculations are performed for the conditions illustrated in 
Figure 11; Formwork made of 25mm wood at the bottom with wind velocity of 1m/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. 
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Section A 

vair=1 m/s 

vair=5 m/s 

Formwork: 25mm wood 

T= 0, 5, 10, 15°C 

T= 0, 5, 10, 15°C 

 
Figure 11 Conditions used in the calculations for section A. 

The results are evaluated considering the following assumed demanded values: 
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, calcu-
lations 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 infor-
mation if additional measures are needed or not for a given situation. 

4.2.2. Estimation of the risk for early freezing 
The risk for early freezing occurs if the concrete freezes before reaching the stated 
demand of 5MPa 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 5MPa at different fly ash contents for temperatures between 0 and 10 C is plot-
ted in Figure 12. From the figure it is seen that the time to reach 5 MPa is delayed with 
higher fly ash contents and lower air temperatures. Note that it take 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 
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cases, probably some measures should be taken to speed up the hydration rate, but this 
is not studied here. 
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Figure 12  Time needed to reach 5MPa, the demanded limit for protection against early 

freezing, for different fly ash contents and different outdoor temperatures. 
Left figure is valid for w0/Cequ=0.40 and right figure is valid for w0/Cequ=0.50 

4.2.3. 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 calcu-
lated times to reach these demanded levels are presented in Figure 13.  
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 Time to reach fcc=24.5 Mpa, [h]
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Figure 13  Time needed to reach 70% of required f28 for different fly ash contents when 
the outdoor temperature is 0, 5, 10 and 15°C. a) f28 = 45MPa and b) f28 =
35MPa. 
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It can be concluded that the effect of the outdoor temperature on the strength devel-
opment will significantly increase when the fly ash content increases. In case of 0% 
fly ash, the time needed to reach 31.5MPa and 24.5MPa 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 com-
pleted with analyses to form the basis for decisions how to act. 

4.3 Results for section B of the walls 

4.3.1. Assumed performance conditions and demanded target values 
Calculations for section B in the walls are performed for the conditions illustrated in 
Figure 14. Formwork made of 25mm wood at both sides exposed to an air wind veloc-
ity 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.  

Section B 

vair=5 m/s 

Formwork: 25mm wood 

0°C 
5°C  
10°C 
15°C 

T= 

 
Figure 14 Conditions used in performed calculations for section B 

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 per-
formed 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 Emborg et al (1997), 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.  

4.3.2. Calculation of form removal times 
The resulting calculated times to reach half the required 28-days compressive strength 
is presented in Figure 18. 
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Time to reach fcc=22,5 MPa at surface, [h]
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Figure 15  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 con-
nected to the risk of surface cracking is here decisive. For other structures and other 
moisture curing demands the situation might be different. 

5 TENDENCY MODEL APPLIED ON ANOTHER CONCRETE GROUP

5.1 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 for-
mulas 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 3, see further paper D, and they are composed with another type of aggregate 
and with other dosages of superplastiziser in comparison to the 18 mixes that the ten-
dency model is based on. 
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Table 3 Mix-composition for the new group of tested mixes. 

Mix No. FA/C w0/Cequ k
C

kg/m3

1 0 0.437 - 400 

2 0.06 0.421 0.4 400 

3 0.11 0.417 0.4 400 

 

5.2 Heat of hydration 
In Figure 16, the measured heat of hydration is plotted together with the results calcu-
lated with the presented tendency model, see dotted lines. A difference between meas-
ured data and calculated is obtained. 

For all of the three tested mixes there are two main tendencies concerning heat of hy-
dration between the measured data and the tendency model; 1) the total heat of hydra-
tion 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. 10 and 
11, the tendency model is adjusted to describe the behaviour for the new concrete 
group. 

2
0

0.65
20283

C/w
expWref  (10-ajd) 

and  

C
FA

w 0.231    (  0.7)  (11-adj) 

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 calcu-
lations.  
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Figure 16  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. 

5.3 Strength growth 
In Figure 17, the measured compressive strength growth is plotted in comparison with 
calculations using the presented tendency model (dashed lines) and after adjustments 
(solid lines). 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. 17 - 20 expressed by 
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C
FA.f 9401      (  1.4)   (18-adj) 
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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 analy-
ses of heat and strength developments using different amounts of fly ash. 
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Figure 17  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.
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5.4 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 be-
havior 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 ten-
dency model may 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 devia-
tion, which easily directed the necessary adjustments to a limited number of parame-
ters. 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 ex-
tend this statement into a general situation analyzing different amounts of fly ash, a lot 
more testing and checking have to be performed. 

6 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 w0/C ratio and fly ash content in relation to cement con-
tent. 

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 in-
crease for lower temperatures. In addition, the effect from fly ash increases at 
higher water-to-cement ratios.  

The suggested model is based on a test series where all parameters except the w0/C 
ratios and fly ash content has been constant. It has been concluded that the sug-
gested 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 con-
crete. To establish a more general model tests have to be performed studying all pa-
rameters that can effect the heat and strength development. For a given type of ce-
ment and a given type of fly ash, such additional parameters may be type and dos-
age of superplastiziser and aggregate type.  
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ESTIMATION OF THE RISK FOR EARLY THERMAL CRACKING 
FOR SCC CONTAINING FLY ASH 

Sofia Utsi and Jan-Erik Jonasson, Luleå University of Technology 
 
Abstract
Cracking of concrete during the hardening phase must be avoided in order to mini-
mize the risk of durability problems in the future, such as corrosion risk of the rein-
forcement, water tightness and damages according to frost. Estimation of the risk of 
early age cracking requires knowledge of the combined effects from temperature de-
velopment and mechanical behaviour during the hydration.  

In the present paper, the influence from fly ash on the young concrete behaviour has 
been investigated. The concrete is based on a Swedish cement aimed for civil engi-
neering structures, and the fly ash is of class F. A comparison of crack risks between 
concrete containing fly ash in different amounts with concrete without fly ash is pre-
sented. Also one earlier tested concrete containing limestone filler is considered. 

The fly ash was added to replace a part of the aggregate, which gives a higher heat 
evolution. However, a numerical stress analysis showed that the risk for early age 
through cracking for a typical civil engineering structure is significantly decreased for 
the mixes containing fly ash. In case of fly ash added to concrete by a partial replace-
ment of cement, the crack risk will probably be further decreased.  

The estimated risk for surface cracking on a self-balancing wall or slab was not im-
proved by an addition of fly ash. It is probably an effect of the increased heat devel-
opment, which most likely compensates the positive effect of the increased early-age 
creep for concrete containing fly ash. If the heat evolution decreases when cement is 
partly replaced with fly ash, the use of fly ash might reduce the risk of surface cracks. 

1 INTRODUCTION

1.1 Young concrete behaviour 
Civil engineering structures are often massive constructions using concrete with high 
strength and low water to powder ratios. The combination of massive structures and 
high cement contents may cause undesired cracks during the hydration period. Civil 
engineering structures are often exposed to harsh environments with an expected ser-
vice life of up to 100 yrs. Estimations of cracking risks during the hardening phase 
must thus be included in the design process in order to minimize the risk of durability 
problems in the future, such as corrosion risk of the reinforcement, water tightness and 
damages according to frost. The assessment for low crack risks includes decisions 
regarding necessary measures on the working site and also an evaluation of the mix 
composition and its heat and mechanical properties during hydration. Young concrete 
is here defined as concrete from casting and approximately the subsequent first month. 
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Hydration in concrete is an exothermic chemical reaction. A few hours after the con-
crete have been mixed the reaction between water and cement starts to generate heat. 
However, the concrete temperature rise is not uniform as the surface of the structure is 
affected by environmental conditions. A hardening concrete that is free to deform 
during the expansion and subsequent contraction phase during the hydration process 
will not be induced by stresses. But in practice, different parts of concrete structures 
are always restrained to varying levels of degree. The primary interest is whether or 
not these induced stresses will lead to cracking. 

Estimation of the risk of early age cracking due to hydration requires knowledge of the 
hardening concrete. The risk for thermal cracking in young concrete is often inter-
preted regarding the stress or strain, where the risk for cracking is related to the tensile 
strength or the tensile failure strain. The stress and strain development in young con-
crete is, according to Emborg and Bernander (1994), mainly a function of four domi-
nant factors:  

Temperature development in the newly cast concrete: Is described by the heat of hy-
dration and is mainly a function of the geometry of the structure, the cement type and 
content, and the environmental conditions. 

The degree of restraint forces: Is defined as the possibility for the structure containing 
the newly cast concrete to deform during hydration.  

The mechanical behaviour of the young concrete: The mechanical behaviour of young 
concrete that is of importance for the stress analysis are: strength development in vary-
ing temperature, the shrinkage, the thermal dilation, the viscoelastic behaviour and the 
non-linear stress-strain behaviour at high tensile stresses. 

The temperature of adjoining structures: The size of the adjoining structure at time of 
casting of the new concrete is, for a structure free to deform, determined by its tem-
perature. If the temperature of the adjoining structure is larger than the environmental 
temperature, it means, compared with a structure in temperature equilibrium with the 
environment, a reduction of cracking risks in the newly cast concrete. 

In this paper properties of young concrete are tested and evaluated for concretes con-
taining different amounts of fly ash. This covers necessary data to do crack risk analy-
sis, and for some typical cases calculated crack risks are presented.  

1.2 The effect of fly ash on young properties 
Fly ash is an industrial by-product from coal-fired power stations and it has been 
proven to be a sufficient concrete making material when replacing cement in varying 
amounts. It comprises spherical glassy particles in the size of cement, approximately 1 
to 150 μm. The spherical shape has been proven to improve the workability of fresh 
concrete and the water content needed for a certain workability can be reduced (Davis 
et al., 1937, Berry and Malhotra, 1980, Lane and Best., 1982, Bilodeau and Malhotra, 
2000). 
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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 will result in an increase of 
the content of the durable material (CSH). Fly ash is often used in concrete because of 
its excellent concrete making properties, especially in the fresh phase where retained 
workability can be received at decreased water content, e.g. Cannon (1968), Lane 
(1983). However, any incorporation of a pozzolanic material in concrete will influence 
the young and mature concrete properties. To ensure that sufficient concrete perform-
ance can be received, it is essential to understand how an incorporation of fly ash in-
fluences important concrete properties.  

All tests presented here are produced with concrete based on the Swedish cement type 
Anläggningscement Std P Degerhamn CEM I 42.5 N BV/SR/LA, produced by Ce-
menta AB aimed for civil engineering structures, and the fly ash is black coal fly ash 
from Rostok, Poland, produced by Warnow-Füller. It fulfills demands according to 
SS-EN 450 and is allowed for concrete production according to demands stated by SS-
EN 206.  

1.3 Scope and Objectives 
Fly ash in concrete has not been commonly used in Swedish concrete production, 
mainly because of the lack of national produced fly ash aimed for usage in concrete. 
However, there is an increased interest among concrete producers to use fly ash in 
concrete, either to replace some of the cement content or as a partial replacement of 
aggregate with the aim to increase the total paste content, which is one possible way of 
composing a self-compacting concrete.  

The main objective with the work presented in this paper has been to investigate the 
effect from fly ash on the young concrete behaviour. Knowledge of the combined 
effect of temperature development and mechanical behaviour during the hydration 
period makes it possible to perform a stress analysis, and on this account the risk of 
thermal cracking can be estimated. The paper includes a comparison of the crack risk 
between concrete containing fly ash in different amounts with concrete without fly ash 
and with one earlier tested concrete containing limestone filler. This is done both di-
rectly from the tests as well as by analysis for some typical structural situations. 

In the present investigation fly ash is added by a partial replacement of the aggregate; 
with the aim of increasing the total paste content as an action to produce a self-
compacting concrete. This will result in an increase of the total binder content. 

The tests have been evaluated in accordance with earlier established numerical models 
for further use in existing computer programs to realize crack risk analysis for arbi-
trary structural situations. 
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2 LABORATORY TESTS

2.1 Material properties and test program 
Fly ash contributes to the cement reaction and calcium silicate hydrate products (CSH) 
are formed. The contribution of fly ash and other mineral additives with respect to an 
equivalent water-to-cement ratio, w0/Cequ, is generally calculated as 

( )SlkSFkFAkC
w

C
w

SlSFFAequ ⋅+⋅+⋅+
= 00     (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], SF = silica fume content 
[kg/m3], Sl = Slag content [kg/m3], and kFA, kSF and kSl are efficiency factors with re-
spect to the additive in question [-].   

Values of the efficiency factors as well as maximum allowed contents of mineral addi-
tives are regulated in recommendations and standards.  

When adding fly ash, it can be performed in different ways: 

1. Exchange cement with fly ash by weight on a 1:1 basis 

2. Exchange parts of the cement and parts of the aggregate 

3. Adding fly ash in addition to the cement as a part of the fine aggregate 

The tested mixes are designed according to item number three, partial replacement of 
the aggregate. The main reason is that self-compacting concrete contains higher fine 
grained materials than concrete aimed to be vibrated. Limestone filler is commonly 
used in self-compacting concrete in Sweden, which is added as a partial replacement 
of the aggregate to increase the total paste content. The contribution of adding lime-
stone filler to concrete is generally considered as an addition to the powder content 
calculated as 

FiSLSFFACP ++++=    (2) 

where P = powder content [kg/m3] and Fi = added filler content [kg/m3]. 

The tested mixes presented in this paper are chosen to have 0, 11 and 25 % content of 
fly ash in relation to the cement content, and they are denoted FA_0, FA_11 and 
FA_25, respectively, see Table 1. These three mixes have the same cement content (C 
= 400 kg/m3) and the equivalent water-to-cement ratio is kept constant at 0.42 when 
using an efficiency factor (kFA) of 0.4.  

From tests presented in Hedlund (2000) a SCC mix using limestone filler is chosen as 
a “normal” SCC reference mix, and it is denoted SCC_Lime in Table 1. The cement 
content is slightly higher than 400 kg/m3 and the water-to-cement ratio is slightly 
lower than 0.42. 
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Table 1 Mix compositions for tested concretes 

Material FA_0 FA_11 FA_25 SCC_Lime 

Cement [kg/m3] 400 400 400 405
Water [kg/m3] 168 174 183 158

w0/Cequ 0.42 0.42 0.42 0.39

Fly ash [kg/m3] - 44 100 -
Limestone filler [kg/m3] - - - 175 
Admixture 
[% of binder content] 

0.04
Sikament 56 

0.8
Sikament 56 

0.8
Sikament 56 

0.98
Glennium 51 

Air entrainment adm. 
[% of binder content] 

0.04
Sika AER 

0.04
Sika AER 

0.04
Sika AER 

0.58
Micro Air 

Fine Aggregate  
[% of tot. Agg. content] 40% 0-4mm 63% 0-4mm 

20% 4-8mm 
52% 0-4mm 
13% 4-8mm 

9% 0-2mm 
49% 0-8mm 

Coarse Aggregate  
[% of tot. Agg. content] 60% 11-16mm 17% 11-16mm 35% 11-16mm 42% 8-16mm 

Air content 4.5% 4.5% 4.5% 3.5%
 

2.2 Performed tests and theoretical models 
Theoretical and experimental methods with the purpose of mapping necessary young 
concrete properties to be able to realize calculations concerning risks of thermal as 
well as moisture induced stresses have been derived and evaluated at Luleå university 
of technology (LTU) during a long period (Emborg, 1989, Jonasson, 1994, Westman, 
1999, Hedlund, 2000, Groth, 2000, Nilsson, 2003, Larson, 2003, and Carlswärd, 
2006).  

The tests performed here are in accordance with an established “standard” procedure 
at LTU to map properties for usage in temperature and stress calculations. In this pa-
per only the most essential formulas are given to be able to understand the meaning of 
presented data. For further information, enter the referenced literature.  

The following areas have been evaluated based on tests: 

Maturity function 
The properties of the hardening concrete are expressed in accordance with the so 
called maturity concept, here applied with the temperature equivalent time, te, as the 
independent parameter. The concept originates from Nurse (1949) and Saul (1951), 
and it was first introduced in Sweden by Bergström (1953): 
 

⋅=
t

Te dtt β       (1)  
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where t = time [s, h or d], βT is the factor for temperature sensitivity, often called the 
maturity function, which can be expressed (Freisleben Hansen and Pedersen, 1977, 
and Byfors, 1980) by: 

≤

>
+

−⋅
=

C

C
TT

 -10 Tfor                                                     0

 -10Tfor                 
273

1  
293
1(exp θ

β  (2) 

where θ = “activation temperature“ [K] = (formally:) activation energy divided by 
general gas constant, which here is expressed (Jonasson, 1984) by 

3

10
30 κ

θθ
+

⋅=
Tref      (3) 

where θref [K] and κ3 are fitting parameters according to best fit with test data. 

Heat of hydration 
Performed test procedures are fully described in Ekerfors (1995) and Ekerfors and 
Jonasson (2000), and test data are evaluated regarding generated heat for the total 
binder content, as expressed by Eq. 3 (Jonasson, 1984). 
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where WB = generated heat by weight of binder as a function of equivalent time [J/kg], 
B = binder content, here the sum of cement and fly ash content [kg/m3], Wtot = gener-
ated heat at testing [J], WU = ultimate generated heat by weight of binder [J/kg], and λ1 
[-], t1 [h] and κ1 [-] are fitting parameters. 

Strength growth at variable temperature 
The strength growth at variable temperature has been tested according to the proce-
dure described in Ekerfors (1995). The strength growth for all tested mixes is evalu-
ated according to Eq. 5, where the lower formula has been proposed by Kanstad et al 
(1999). The upper formula for te ≤ tA is intended for very early age strength estima-
tions to be able to assess trowelling and slipform actions, buy here no measurements 
are performed in this region.  
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where fcc = compressive strength as a function of equivalent time [MPa], f28 = 28-days 
compressive strength [MPa], s [-] and tS [h] are fitting parameters, tA = (here chosen to 
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be) = 1.5⋅tS = equivalent time when shifting from the upper to the lower formula [h], fA
is the compressive strength at te = tA, calculated by the lower formula [MPa]. 

Creep tests 
When deformations at loading are measured, the total deformation is the true material 
parameter. But, in engineering practice it is common to distinguish between “momen-
taneous” deformation and “creep deformation”. This splitting can be done in many 
different ways and also be adapted to the application in question. As long as the total 
deformation is in accordance with the measurements it is only a question of how de-
tailed the information is in the time scale. For young concrete and applications with 
respect to stresses caused by inelastic deformations at variable temperature and mois-
ture state, the “elastic” time duration, Δt0, is here chosen to be 0.001d (Emborg, 1989 
and Westman, 1999). Hereby, the Young’s modulus at loading age t0, E(t0), can be 
expressed by 

( )
),001.0(

1
),(

1

000
0 tJttJ

tE ==
Δ

    (6) 

where J(0.001,t0) is the measured deformation 0.001d (≈ 1.5 minutes) after loading 
[1/Pa], and t0 = equivalent age at loading [d]. 

The total deformation, ),( 0ttJ loadΔ , can now be expressed by 
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where Δlload = t – t0 = load duration, [d], ΔJ(Δtload,t0) = “creep” part of the total defor-
mation [1/Pa] 

The Young’s modulus is here expressed, see Larson (2003) by 
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where t0 = equivalent age at loading [d], tSE = equivalent time, where deformations 
start to create stresses [d], E28 = Young’s modulus at equivalent time = 28d [GPa], and 
sE = shape parameter for the growth of the elastic modulus [-]. 

With two straight lines in the logarithmic time scale (Larson, 2003) the creep part can 
be formulated as  
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for Δt0 ≤ Δtload < Δt1 
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where Δt1 = time duration for the distinct break point in the creep behaviour [d], a1 and 
a2 are inclinations, dependent on the loading ages, in the linear-logarithmic plot of the 
creep behaviour [10-12/(Pa log-unit)],  

Free deformation at variable temperature 
The tests are performed with the aim to determine the free deformation of newly cast 
concrete at variable temperature. The measured deformation is a combined effect of 
temperature and moisture changes in the concrete. The problem is to separate them 
into a thermal deformation related to temperature changes and an autogenous defor-
mation not directly dependent on the temperature changes (Bjøntegaard, 2000). 
Bjøntegaard measured the thermal deformation by a saw-toothed variation of the tem-
perature, and considered the rest part as an “experimentally determined autogenous 
deformation” valid for the studied mix. This procedure has been used by Bosjnak 
(2001), Atrushi (2003) and Ji (2008). The evaluation here is done in a similar way 
without direct measurements of the thermal deformation. The thermal dilation coeffi-
cient of hardening concrete is here chosen as a constant, and the rest part is modelled 
as a maturity related autogenous shrinkage. The evaluation is realized by a fitting 
technique based on the measured total deformation for a “realistic” (0.7m wall struc-
ture) temperature curve. The model is described in Hedlund (2000) and expressed by 
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where εtot = the measured strain [-], o
Tε  = the stress free strain related to changes in 

temperature [-], o
SHε  = the stress free strain not related to changes in temperature [-], 

ΔT = change in temperature [ºC], αT = thermal dilation coefficient [1/ ºC], ts1 [h], ts2 
[h], εs1 [-] εs2 [-], tSH [h] and ηSH [-] are fitting parameters. 

Stress growth at totally restraint conditions 
In the Temperature Stress Testing Machine (TSTM), the stress to strength ratio can be 
determined at totally restraint conditions. Specimens are located in a totally rigid 
frame and heated in accordance with a “realistic” temperature development, which is 
calculated with parameters evaluated for the tested concrete mix applied to a 0.7m 
thick wall at indoor conditions. The induced stresses in the totally restrained concrete 



173 

specimen are measured. The test set-up and performance is fully described in West-
man (1999). The results from the TSTM test are a combined effect from all parameters 
that influence the hardening phase under restraint conditions. When comparing meas-
ured and calculated stresses, it might be regarded as a “check point” if the evaluated 
parameters are able to reflect the measured stress development. 

If the specimen cracks the stress at failure represents a “structural” tensile strength at 
the moment of cracking. If a crack does not appear after reaching a peak value in the 
measured stress, the specimen is forced to cracking, and again the stress at failure 
represents a structural tensile strength for the tested concrete. The tensile strength is 
related to the compressive strength according to 

ref
ct

ref
ccccct ffff ⋅= 1)/( β      (13) 

where ctf  = tensile strength [MPa], ref
ccf  = reference compressive strength [MPa], 

ref
ctf  = reference tensile strength [MPa}, and 1β  = exponent [-]. 

The stress-strain curve used in the calculation is illustrated in Figure 1, and αct denotes 
the upper limit of the linear stress-strain at 1st loading. Remaining denotations in Fig-
ure 1 are: σ = (uniaxial) stress in the concrete [MPa], εm = strain related to stresses in 
concrete (= “material” strain) [-], ε0 is the strain related to a linear behaviour all the 
way up to σ = fct. 
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Figure 1 Non-linear stress-strain curve for the concrete in tension. 

Finally, in many investigations there has been observed a phenomenon denoted tran-
sient creep at variable temperature and humidity (Bažant and Chern, 1985) or stress-
induced deformations (Thelandersson, 1987). For young concrete this was introduced 
in a simplified manner by Jonasson (1994) as 

))(1( Tsign
ctfT

o
TT ΔσρεΔεΔ ⋅⋅+⋅=    (14) 

and 
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))(1( Tsign
ctf

o
SHSH ΔσρϕεΔεΔ ⋅⋅+⋅=    (15) 

where Δ denotes a change associated with a time step (Δt), εT = strain related to a tem-
perature variation at a stress level of σ/fct (≥ 0) [-], σ = stress in the concrete [MPa], εϕ 

= strain not related to a temperature variation at a stress level of σ/fct (≥ 0) [-], T = 
temperature [ºC] 

When a discrepancy is observed between the measured (TSTM) and calculated 
stresses using material related parameters evaluated in accordance with Eqs. 3-14, the 
modelling interpretation here is to check whether non-zero (>0) values of ρT and/or ρϕ 
are able to give a better fit. Ji (2008) actually measured transient creep both for a 
young and a mature concrete and presented the results using Eq. 15.  

3 TEST RESULTS AND INDIVIDUAL EVALUATIONS
All tested properties, except the maturity function, are individually evaluated accord-
ing to established numerical models as described in section 2. No tendency model for 
different concrete properties, as effects of variable fly ash contents, has been estab-
lished because of the limited amount of performed tests. 

All evaluated parameters in accordance with Eqs. 3 – 15 except the relaxation spectra, 
are presented in Table 2. All the resulting curves from the best-fit procedure are 
shown in Figures 2 - 7. 

3.1 Maturity function 
All mixes can be described by the same maturity function, see Figure 2, where the 
parameters θref and κ3 in Eq. 3 have been evaluated in the tendency model for concrete 
containing fly ash described in paper C in Utsi (2008).  
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Figure 2  Maturity function for the three tested mixes, where the solid line is calculated 

with the same parameters as in paper C in Utsi (2008). 
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Table 2 Evaluated individual parameters 

Parameter FA_0 FA_11 FA_25 SCC_Lime 

θref [K] 3870 3870 3870 3870 

κ3 [-] 0.57 0.57 0.57 0.57

B** [kg/m3] 400 444 500 405.8

WU [J/kg] 316500 277500 257300 368300 

λ1 [-] 1 1 1 1

t1 [h] 11.7 12.4 12.7 14.3 

κ1 [-] 1.20 1.70 1.91 1.14 

Relaxation spectra* - - - - 

s [-] 0.242 0.189 0.273 0.222 

tS [h] 5 8 8 7.2 

f28 [MPa] 48.2 48.2 55.1 69

tA [h] 7.5 12 12 10.8

nA [-] 3 3 3 3

αT [10-6/°C] 9.4 9.4 9.4 8.4

ts1 [h] 6 6 6 6

εs1 [-] -35⋅10-6 -50⋅10-6 -50⋅10-6 0

ts2 [h] 8 8 8 8

εs2 [-] -125⋅10-6 -110⋅10-6 -130⋅10-6 -166⋅10-6

tSH [h] 2 4 7 6

ηSH [-] 1 1 0.7 0.85

ref
ccf  [MPa] 45.2 45.6 50.6 66.0

ref
ctf  [MPa] 3.59 3.31 3.96 4.22

β1 [-] 0.677 0.677 0.677 0.677

αct [-] 0.75 0.75 0.75 0.75

ρT [-] 0 0.6 0.3 0

ρϕ [-] 0 0 0 0

*)  Not given here, but those interested can contact the writers. See also Figure 5 and 
table 3. 

**) B=C+FA, where C = cement content, and FA = fly ash content. 
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3.2 Heat of hydration and strength growth 
The individual evaluations of the heat of hydration for the tested mixes are illustrated 
in Figure 3.  
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Figure 3  Individual evaluations of the heat of hydration for the tested mixes. 

Each individually evaluated strength growth is illustrated in Figure 4. All mixes show 
a satisfactory agreement with the numerical model. The measured 28-day compressive 
strength for FA_0 and FA_11 is identical even if the FA_11 contains a larger amount 
of total binder. FA_25 has a higher 28-day compressive strength, which could be ex-
pected because of the increased binder content. The SCC_Lime reaches the highest 
28-day compressive strength, which to some extent might be an effect of the slightly 
lower water-to-cement ratio than the other three mixes. 
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Figure 4 Evaluated strength growth for the tested mixes.  

3.3 Creep tests 
Measured creep values compared with individually evaluated creep functions are illus-
trated in Figure 5.The concrete mixes containing fly ash (FA_11 and FA_25) show 
significantly higher deformation at an early age loading (about one day after casting), 
in comparison with the concrete denoted FA_0 just containing Portland cement. At 
this early age of loading the mix SCC_Lime is somewhere in between. For loading at 
about seven days after casting all mixes show approximately the same deformation 
behaviour by time. Similar behaviour for concrete containing fly ash was reported by 
Ji (2008). 

Parameters for the calculated curves shown in Figure 4 are presented in Table 3. 
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In the stress analysis, creep is considered by a numerical relaxation spectra calculated 
according to Jonasson (1977) and Jonasson and Westman (2001). Unfortunately, the 
number of values to numerically present the relaxation spectra is rather large, and 
those interesting in this specific data, please contact the writers. 
Table 3 Evaluated individual parameters for the total deformation curves shown in 
Figure 4. 

Parameter FA_0 FA_11 FA_25 SCC_Lime 

E28 [GPa] 28.5 27.1 29.8 36.2 

sE [-] 0.091 0.203 0.195 0.248 

tSE [d] 0.167 0.25 0.25 0.25 

Loading at t0 ≈ 1d: 
t0 [d] 1.00 0.96 0.97 0.91 

Δt0 [d] 0.001 0.001 0.001 0.001 

a1 [10-12/(Pa log-unit)] 1.5 13 8 7 

Δt1 [d] 0.1 0.1 0.1 0.1 

a2 [10-12/(Pa log-unit)] 10 16 14 12 

Loading at t0 ≈ 3d: 
t0 [d] 2.90 2.80 2.91 2.91 

Δt0 [d] 0.001 0.001 0.001 0.001 

a1 [10-12/(Pa log-unit)] 1.2 2 2.5 3 

Δt1 [d] 0.1 0.1 0.1 0.1 

a2 [10-12/(Pa log-unit)] 8.5 10 13 9.5 

Loading at t0 ≈ 7d: 
t0 [d] 6.87 6.37 6.56 6.37 

Δt0 [d] 0.001 0.001 0.001 0.001 

a1 [10-12/(Pa log-unit)] 1 2 1.5 1.2 

Δt1 [d] 0.1 0.1 0.1 0.1 

a2 [10-12/(Pa log-unit)] 8 10 9 8.2 
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Figure 5 Measured creep compliance for the tested mixes and each individual evaluation. 

3.4 Free deformation at variable temperature 
The free deformation tests are performed on sealed cured specimens. Normally, the 
test can start approximately six to eight hours after casting, which is determined as the 
time when the formwork can be removed and the specimens are able to be handled 
and the deformation equipment can be mounted. The incorporation of fly ash delayed 
the hardening process and the measurements could not start within eight hours after 
casting. For the presented tests with fly ash concretes, the measurements started ap-
proximately 24 hours after casting, which precludes a direct comparison between the 
mixes with and without fly ash concerning the measured free deformation. The best-fit 
procedure behind Figure 5 is based on the following assumptions: regard the thermal 
dilation coefficient as constant for all three mixes FA_0, FA_11 and FA_25, and in-
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troduce adjustments only for the autogenous deformation. As can be seen in the figure, 
the measured deformation can be reflected by this technique. 
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Figure 6  Measured free deformation and the separated thermal dilation and auoto-

genous deformation.  

3.5 Stress growth at totally restraint conditions 
None of the tested mixes cracked themselves in the TSTM. This can be seen either by 
the filled circles (= tensile strength when pulling the test specimens to failure in ten-
sion) that are bigger than the measured stresses at the same time, or by the dotted lines 
showing that the calculated tensile stress to strength ratios are lower than unity during 
the test period for all mixes tested, see further section 4.4.1. 
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Figure 7  Calculated and measured stress development at totally restraint conditions 

in the TSTM test. 

4 NUMERICAL STRESS ANALYSIS AND ESTIMATED CRACK 
RISK

4.1 Introduction
For some typical situations, which are examples within typical cases II, III and IV in 
Emborg et al (1997), temperature and stress analysis have been performed using the 
computer program ConTeSt (2008). The aim is primarily to compare estimated crack 
risks for the same structure applying data from the four evaluated mixes presented in 
this paper. 
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4.2 Types of cracks in young concrete 
Generally, two main types of cracks may be distinguished (Bernander, 1998) as; 
cracks during expansion phase and cracks during contraction phase, see Figure 7. 
When analyzing self-balancing walls or slabs the terminology surface cracks can also 
be used as a characteristic identification of the expansion phase. For a typical situation 
when casting a wall on an existing slab, the terminology through cracks can be used as 
a characteristic identification of the contraction phase. The subsequent text in this 
paper is related to three chosen typical situations, for which the denotations surface 
cracks and through cracks are relevant. 

Surface cracks: Surface cracks occur during the heating phase when the differences in 
temperature within the studied section cause tensile stresses that exceed the tensile 
strength. It can be prevented by lowering the temperature gradient within the cross 
section with different kind of measures (Bernander, 1998). 

Trough cracks: Trough cracks occur when the contraction during the cooling phase is 
so large that the restraint from the adjacent structure causes too high tensile stresses in 
the newly cast concrete. Most common methods to avoid through cracking is cooling 
of the newly cast concrete or heating of the adjoining structure before casting the new 
concrete (Bernander, 1998 and Wallin et al, 1997). 
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Figure 8  A typical temperature development for a hardening concrete structure. For the 

chosen typical situations the risk for surface cracks occurs during the expan-
sion phase and the risk for through cracks occurs during the contraction phase. 

4.3 Structures and boundary conditions 
The risk for through cracking has been calculated on an assumed civil engineering 
structure illustrated in Figure 9. In the structure, the decisive point for through cracks 
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is located in the lower part of the wall, approximately 0.5m above the casting joint 
between the slab and the wall. This is an example of typical case II in Emborg et al 
(1997). 

The risk for surface cracks has been evaluated for two situations, one wall and one 
slab, which in Emborg et al (1997) are examples of typical case III and IV, see Figure 
10. 

0.7m 

The shaded area 
illustrates the area 
where the risk for 
through cracks is 

decisive 

0.8m 

10m 

1.0m 

6m 

 
Figure 9  Assumed civil engineering structure for calculation of risk for through crack-

ing in the lower part of the wall. One example within the typical case II de-
fined in Emborg et al (1997). 

Tmax

Tmax

1.0m0.7m
 

a) Example of Typical Case III        b) Example of Typical Case IV 
Figure 10  Estimation of the risk for surface cracking has been performed for a) a sym-

metric wall (=example of typical case III) and b) for a slab on ground 
(=example of typical case IV). The typical cases are defined in Emborg et al 
(1997). 
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The calculations have been performed at two different outdoor temperatures, 5°C and 
15°C, respectively. The 22mm wooden formwork was removed after 7days. The wind 
velocity in the surrounding air is assumed to be 5m/s.  

4.4 Results from the numerical analysis and discussion 
According to the stress analysis, the highest tensile stresses in the walls, which may 
cause through cracks, occur approximately 0.5m from the bottom slab, see the shaded 
area in Figure 9. The calculated stress to strength ratio for all cases is presented in 
Table 4. For the self-balancing cases (III and IV) the calculated maximum tempera-
tures are presented in Table 5.  
Table 4   Calculated stress/strength ratios for the calculated mixes. 

Stress ratio at risk of 
through cracking 

Stress ratio at risk of 
 surface cracking Climate Mix 

Case II Case III Case IV 

FA_0 0.59 0.31 0.67

FA_11 0.50 0.18 0.41 

FA_25 0.55 0.28 0.73 
15°C

SCC_Lime 0.71 0.20 0.39 

FA_0 0.82 0.35 0.71 

FA_11 0.60 0.18 0.42 

FA_25 0.68 0.27 0.94 
5°C

SCC_Lime 0.87 0.21 0.31 

 
Table 5    Calculated maximum temperature in the wall section (Case III)   

and in the slab (Case IV). 

Climate Mix Tmax wall, 
°C

Tmax slab,
°C

FA_0 40.4 41.0 

FA_11 43.6 44.3 

FA_25 46.6 47.4 
15°C

SCC_Lime 43.4 44.1 

FA_0 35.9 36.3 

FA_11 38.2 38.6 

FA_25 40.9 41.3 
5°C

SCC_Lime 38.3 38.3 
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4.4.1. Estimated risk for through cracks 
The following conclusions can be drawn from the presented results in Table 5: 

Case II: The concrete mixes containing fly ash show significantly lower risk for 
through cracks in comparison with the other two tested mixes, which is valid at both 
the analyzed outdoor temperatures. The mix with 11% fly ash content shows the low-
est risk. The SCC mix containing limestone filler showed an increased risk for through 
cracks in comparison with the Portland cement concrete. In an earlier investigation 
presented in Utsi and Jonasson (2007), it was concluded that using SCC mixes con-
taining limestone filler were as good as, or better, than ordinary Portland cement con-
crete with similar w/C-ratio. These conclusions were based purely on results from the 
TSTM. 

Riding et al. (2008) have compared the effect of different types of fly ash on the early 
age cracking based on results from a TSTM. Four mixes with different fly ashes were 
tested at a 20% replacement of cement and these were compared to a reference mix 
without fly ash. The authors conclude that all mixes containing fly ash lowered the 
early age cracking risk even though the mixes containing fly ash had a lower tensile 
strength development than the control mix. The authors suspect that the lowered early 
crack risk mainly is an effect of reduced tensile strain in the material caused by a 
combined effect of lowered generated heat and increased early-age creep.  

A direct comparison of the results from the TSTM for the tested mixes in this investi-
gation does not show a significant improvement of the crack risk when fly ash is in-
cluded, but a significant reduction using fly ash became obvious from the calculations 
on a real structure, especially at the lower outdoor temperature (5 ºC). The latter case 
might be an effect of better “natural” cooling by the surrounding air, as the generated 
heat is somewhat delayed compared with the use of solely Portland cement. 

Ji (2008) has also shown a positive effect on the risk of through cracking when adding 
fly ash to concrete. Calculations were performed with computer program DIANA 
based on material properties tested in the laboratory. It was concluded that the mixes 
containing fly ash, 40% and 60% content of fly ash related to the cement content, sig-
nificantly lowered the risk for through cracks. In these concretes the fly ash was partly 
replacing the cement.  

Lee et al. (2003) have tested the autogenous deformation for high performance con-
crete (HPC) with and without fly ash. The early age stresses induced by restrained 
autogenous shrinkage were calculated using DIANA with general available creep 
functions. The authors concluded that adding fly ash significantly reduced the autoge-
nous deformation for HPC in comparison with HPC mixed solely with cement. From 
the numerical analysis it was concluded that the induced stresses were lowered by the 
use of fly ash, but with lack of data on tensile strength and creep they can not conclude 
whether the crack risk are lowered or not. 

The results presented in this paper indicate that fly ash in concrete lowers the risk for 
through cracking for the typical situation shown in Figure 9. It shall be pointed out 
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that fly ash has been added as a replacement of part of the aggregate, which causes an 
increased heat development in comparison with the reference mix. In case of fly ash 
added to concrete by a partial replacement of cement, the crack risk will probably be 
further decreased. 

4.4.2. Estimated risk for surface cracks 
Based on the results, the following conclusions regarding surface cracks in the wall 
and the slab can be drawn: 

Case III: The calculated surface crack risk in the wall section is very similar inde-
pendent from the surrounding temperature and concrete composition. All mixes show 
low risk for surface cracks, which is in accordance to results presented in Emborg et 
al. (1997). The mix containing 11% fly ash has the lowest stress to strength ratio, 
which might be an effect of the early creep behavior in combination with the moderate 
temperature development.  

Case IV: The mix containing 25% fly ash shows the highest risk for surface cracks in 
the slab. In lower temperatures, the stress to strength ratio is nearly unity (0.94), which 
reflects a very high crack risk. In addition, the mix containing 11% fly ash does not 
show the lowest crack risk as in case II and case III. The risk for surface cracks is a 
combined effect from the heat development and the early-age creep. The increased 
crack risk for the 25% fly ash mix is probably an effect of the increased temperature; 
see Table 3, which is a combined effect of increased binder content and the tempera-
ture balance situation for a 1m thick slab on ground. The positive effect from an in-
creased early-age creep has probably been compensated by the increased temperature. 
If the mixes have been composed adding fly ash as partial replacement of the cement, 
the heat evolution decreases. This would lower the temperature development, but the 
effects on surface crack risk have to be evaluated individually for each mix. 

SCC_Lime reaches the lowest stress to strength ratio regarding surface crack risk in 
the slab. This mix has, similar to the fly ash concretes, shown an increased early-age 
creep in comparison with the Portland cement concrete. In addition, SCC_Lime does 
not reach as high temperatures as the 25% fly ash mix. The increased early-age creep 
together with a lowered temperature development are probably the main factors be-
hind the decreased stress ratio. 

5 SUMMARY AND CONCLUSIONS
Established numerical models describing the properties of hardening concrete can 
be applied on concrete containing fly ash. 

The mixes containing fly ash and limestone filler had an increased early-age creep. 

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. How-
ever, a numerical stress analysis, for a typical situation in civil engineering con-
struction, has shown that the risk for early age through cracks is significantly de-
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creased 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. 
The positive effect from fly ash regarding the risk for through cracks could not be 
evaluated solely from the TSTM results. 

The risk for surface cracks in the analyzed wall (0.7m) is very small for all of the 
evaluated mixes in both of the tested temperatures. Other dimensions have to be 
studied separately. 

The estimated risk for surface cracks in the analyzed slab (1m) on ground was not 
improved by an incorporation of fly ash. The mix containing 25% fly ash had the 
highest risk for surface cracks in the slab. It is probably 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. 

The estimated risk for surface cracks in the slab for concrete containing limestone 
filler was significantly lower. It is probably a combined effect from moderate heat 
development and increased early-age creep.  
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