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1. GENERAL 
 
The purpose of the tests was to document the properties of two different EMC-blends in concrete 
and to compare these properties to ordinary Portland Cement (OPC) concrete properties at the 
same water-to-binder (w/b) ratios (0.45, 0.50 and 0.60). 
 
The same OPC was used in the reference mixes, and as “raw material” in the EMC-blends 
together with a quartz filler. The quartz filler is considered close to inert when used directly in 
concrete. The EMC-blends were EMC-50 and EMC-20, containing 50 % and 20 % quartz filler, 
respectively. 
 
The results may be judged directly by comparing the obtained properties in a given test for equal 
w/b-ratios. For a more quantitative comparison the k-value for the quartz filler is also calculated 
when appropriate for a given property. The k-value is commonly used to express the efficiency of 
f.ex. silica fume or fly ash relative to OPC in concrete. The EMC production process involves 
very energetic grinding of the OPC-quartz filler combination; thus the process alters the OPC-
properties substantially. The k-value calculation assumes that the OPC-portion in the EMC-blends 
has the same properties as the parent OPC, and consequently assigns any difference between a 
reference OPC mix and a EMC mix to the filler only, ignoring the effects of grinding on the OPC 
component.  
 
Hence, the k-value is quite fictitious – and is merely a convenient way to express the property of a 
given EMC mix relative to the reference mix. A k-value of 1.0 means equal properties of the 
EMC – and reference OPC-mix; k-values greater than 1.0 that the EMC-mix performs better, and 
k-values less than 1.0 that the EMC-mix performs worse than the OPC-mix. 
 

2. TESTING PROCEDURES AND PURPOSE 
 
The SINTEF-test methods and results are reported in 10 separate reports; Parts 1 to 9 under the 
general heading “Step 2: Main recipees produced with OPC, EMC-50 and EMC-20”, and 1 report 
under the general heading “Step 4: “Freeze thaw resistance….” In addition are some results from 
“Pilot tests at SINTEF using EMC-30 Lst” (a blend with 30 % limestone filler) quoted. 
 
The tests were chosen to cover fresh/hardening concrete properties, compressive strength and 
durability properties. 
 
Fresh/hardening concrete. (Report: Part 1) 
 
For each w/b-ratio the mix proportions by weight were practically constant. The dosage of 
superplasticizer was adjusted to obtain approximately the same workability in the concrete. 
Consistency (slump and spread), density, air content and setting time were measured. The 
semiadiabatic heat development during hydration was measured and converted by calculations to 
Isothermal Heat Release – an important parameter to assess both concrete temperature 
development during construction and the extent of reaction in the binder phase. 
 
Compressive strength (Report: Part 2) 
 
Standard testing of 100 mm cubes at times from 1 to 90 days. Concrete is commonly 
characterized by its compressive strength at 28 days. 
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Durability Properties (Reports: Step 2, Part 3 to Part 9 and Step 4 
 
The main questions in relation to new binder compositions in concrete concern the durability 
properties during service. The reason is that requirements for durability are specified “indirectly” 
in terms of w/b-ratios and mix composition, while strength requirements of course are checked by 
the actual strength of a given concrete. Transport properties to aggressives are central to 
durability, hence a variety of tests concerning transport were included in the program: H2O-
transport (Parts 3, 5 and 6), Chloride transport (Parts 7, 8 and 9). Carbonation leads to 
depassivation of  the reinforcing steel and hence corrosion risk – it was measured in a very 
accelerated test (Part 4). Finally frost/salt-scaling resistance was measured on separate air 
entrained concretes to see if normal air entrainment is able to protect EMC-mixes as it does for 
commonly used concrete compositions (Step 4). 
 

3. RESULTS 
 
Fresh/hardening concrete 
 
The results show that the “production properties of the EMC-mixes did not differ significantly 
from the reference OPC-mixes”. Workability, stability, air content and setting time were in 
expected ranges. The necessary dosages of superplasticizer were increased, in line with 
expectations due to the increased fineness of the binder phase as a whole, and the increase in 
binder volume fraction in the concretes. For air entrained concrete (Step 4), the requirement for 
air entraining agent to produce 4-5 % air was also increased, roughly by 50 and 100 % for EMC-
20 and EMC-50, respectively. 
 
The isothermal heat developments were surprisingly high relative to the fraction of OPC in the 
EMC-blends. At each w/b-ratio the total heat still decreased in the order: OPC, EMC-20, EMC-
50. The k-values were in the ranges 0.8 – 1.1 (EMC-20) and 0.5 – 0.9 (EMC-50), or in other 
words, the heat per kg OPC in the blends was higher than the total heat expected for 100 % 
hydration of the OPC. The implication is that in addition to nearly complete hydration of the OPC 
there are reactions (probably pozzolanic) between the quartz filler in the finely ground state and 
the lime from the OPC.  
 
However, the PILOT tests with EMC-blends containing 30 % limestone also gave high total heat 
results with k-values for the limestone filler around 0.7, in line with the present data. Limestone 
cannot be responsible for pozzolanic reactions since it does not contain SiO2, but other reactions 
with cement are possible. Therefore, the source of the relatively high heat evolution in EMC-
blends is not known presently. It cannot be accounted for by cement hydration alone, and the type 
of reaction may depend on the filler. 
 
The positive practical consequence of the heat data is that low heat concrete may be proportioned 
using EMC-blends. The negative implication of the heat data may be that much of the reactive 
potential of the binder is used up early, with less in reserve for long term enhancement of concrete 
properties. 
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Porosity 
 
Water porosity measurements were carried out in Part 3. For the OPC-mixes the results were in 
practically exact agreement with calculations based on Power’s formulas (Table 2, Part 3). The 
same Table 2 also shows very good agreement for the EMC-blends, assuming no contribution 
from the filler. However, recalculations assuming 100 % reaction of the OPC-component in the 
blends yield higher w/c-values than the actual, implying that there are other reactions than OPC-
hydration contributing to chemical shrinkage and thereby increased water porosity in the EMC-
blends. Consequently, both the heat results and the water porosity results indicate reactions in the 
hardening process in addition to normal cement reactions. Both the greater fineness of the EMC- 
blends and reactions of pozzolanic type would be expected to produce a much more finely divided 
pore structure  - with positive effects both on strength, transport and durability properties. This 
will be discussed below. 
 
Compressive strength 
The k-values of the quartz filler with respect to compressive strength at 28 days are in the range 
1.4-1.8 (EMC-20) and 0.6-0.7 (EMC-50) (Part 2), while the PILOT-tests (Step 1) gave 
comparable values for EMC-20 but values close to 1.0 for EMC-50. It may also be noted that the 
28 day strength results (Step 4) with air entrained concretes agreed very well with Step 2 results 
for EMC-50, while for EMC-20 the performance was somewhat lower. Such variations described 
above are not uncommon in concrete testing. 
 
The k-values at 28 days for the main series are maximum values for each mix, i.e. the strengths 
both earlier and later of the EMC-mixes are relatively lower than the OPC-mixes with equivalent 
w/b-ratios. The smaller strength gains in the 28-90 days period may be related to exhaustion of the 
reactive potential of the OPC-component as discussed above. This is a phenomenon known also 
for concrete with silica fume, which reacts quite completely within 28 days, reducing the longer 
term strength gain. The same is true for a fine OPC contra a coarse one, and for a C3S rich OPC 
contra one with higher C2S (and lower C3S) contents.   
 
Durability Properties  
 
H2O transport: 3 methods were used: Water penetration (Part 6), Capillary suction (Part 3) and 
Water Vapour diffusion (Part 5). 
 
Water penetration is a controversial method commonly producing great deviation in the results – 
but it is also in very common use. The present results also give large deviations, but the results as 
a whole indicate no significant difference between OPC and EMC-mixes, i.e. the k-values are 
approximately unity.  
 
Capillary suction measures the water suction rates after predrying the samples at 105°C. This is a 
very severe treatment and the method therefore also measures the robustness of a concrete to such 
harsh treatment which produces severe microcracking in the structure. The results were very good 
for the EMC-mixes; all of them showed greater resistance than the best OPC, implying k-values 
well over unity. 
 
Water vapour diffusion involves predrying of samples at 40°C for 7 days, and then measures the 
steady state transport rate in a gradient from 100 % to 50 % relative humidity. As for the capillary 
suction the results were very good for the EMC-blends, with k-values well over unity. 
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Chloride transport 
 
Three, in principle, different methods were used: Chloride migration in a potential gradient of 12 
Volt (Part 7), Chloride diffusion in a concentration gradient (Part 9) and ASTM C 1202-94, where 
the electrical charge passed through a sample at 60 Volt gradient over 6 hrs is measured (Part 8). 
 
The ASTM-test gave k-values well above unity for all the EMC-mixes. 
 
The chloride migration test gave k-values in the ranges 1.1 – 1.8 (EMC-20) and 1.0 – 1.3 (EMC-
50). 
 
The chloride diffusion test gave k-values in the ranges 1.2 – 2.2 (EMC-20) and 1.2 – 1.7 (EMC-
50). 
 
The overall results from the 6 transport tests give a consistent conclusion in spite of the widely 
differing test principles: The rate of transport of both water and chloride is equal to or reduced 
compared to reference OPC-mixes for both EMC-blends (k ≥ 1). EMC-mixes have greater total 
porosities as discussed above, but this increase is apparently more than compensated for by a 
more finely divided and less continuous pore structure.  
 
The ASTM-test results are noteworthy. The total charge passed in the EMC-mixes was in the 
range 1/3 to 1/5 of the corresponding OPC-mixes, a much greater reduction than for the other two 
tests: Bulk diffusion and Chloride migration. Most of the charge is passed by OH-ions, implying 
that the OH concentration (pH) of the pore water in the EMC-mixes is reduced well beyond the 
“dilution” effect of the quartz filler. The reason for this is unknown – but possibly associated with 
reactions causing the large heat development discussed above. 
 
Frost resistance   
 
Frost/salt-scaling resistance was tested according to the Swedish SS 137244 method which is used 
extensively in Europe. It is important to note that no concrete with w/b-ratios of 0.45 or higher is 
expected to pass the test without proper air entrainment. Therefore, in the present case, air 
entrainment at a 4 – 5 % level was used in separate mixes for all binders, but only for w/b = 0.45 
and 0.60. 
 
The results gave a rating of GOOD for the two OPC-mixes, VERY GOOD and ACCEPTABLE 
for EMC-20 with w/b = 0.45 and 0.60, respectively, and finally ACCEPTABLE and NOT 
ACCEPTABLE for the EMC-50 with w/b = 0.45 and 0.60, respectively. Thus, EMC-20 performs 
in line with OPC-mixes at both w/b-ratios, but EMC-50 performes significantly poorer for both 
w/b-ratios. 
 
The level of air entrainment was controlled in all mixes. However, the characteristics of the air 
pore systems were not determined. Therefore it is not possible to say if the poorer performance of 
the EMC-50 mixes was simply due to a less efficient air pore system – or if the more porous 
EMC-concretes require better air pore systems than OPC-concrete. Two sets of results from 
SS137244 testing were supplied by V. Ronin (1 from Luleå Tekn. Univ., 1 from Betongindustri, 
Stockholm). Both concerned EMC-50 blends at w/b = 0.48, with air entrainment. In contrast to 
the present results the ratings were given as VERY GOOD and GOOD, but no characteristics 
were given of the air pore system. 
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We conclude that frost/salt-scaling resistance can be achieved for EMC-20 concrete by air  
entrainment, in line with OPC-concrete. The present evidence for EMC-50 concrete is somewhat 
contradictory. Further experience and testing is necessary before requirements can be quantified 
for the air pore system. 
 
Carbonation 
 
Carbonation tests were carried out according to a SINTEF procedure, which is very accelerated by 
drying the samples at 45°C for 7 days (after 28 days water curing), before exposure to air 
containing 3 % CO2 (100 times natural concentration) and 60 % relative humidity. There are no 
standard methods with general international acceptance available. Carbonation depth was 
measured periodically up to 16 weeks. 
 
The results showed somewhat greater carbonation depths for EMC-20 mixes compared to OPC-
mixes (k-values of 0.5 – 0.8), while for EMC-50 mix the depths were more than twice the values 
of corresponding OPC-mixes (k-values about 0.3).  
 
These results are difficult to interpret directly in terms of practical implications, because of the 
particular test method used. The depth of carbonation generally follows the drying front into the 
concrete – since wet concrete carbonates very slowly because the water filled pores delay CO2-
penetration. Thus, in normal exposure the drying rate controls the carbonation rate. For predried 
concrete the carbonation rate is mainly controlled by CaO available for carbonation, which again 
depends on the amount of OPC which supplies the CaO. In the EMC-case the OPC content is 
strongly reduced, but the increased tightness to water vapour transport is expected to offset this 
effect to an unknown extent. The predrying procedure employed here (45°C, 7 days) has 
accelerated the natural drying and therefore strongly accelerated the carbonation – implying that 
the CaO-reserve controls the carbonation rate. This may be an unrealistically tough procedure 
relative to practice for the EMC-blends. 
 
New tests have been initiated to explore the moisture balance during the test procedure in an 
attempt to clarify this point. Preliminary results are available now up to 2 weeks carbonation. 
They demonstrate that the water loss is large for all concretes during the predrying, with the 
consequence that the degree of water saturation at the start of carbonation is roughly 60 % for 
OPC-mixes and 50 % for EMC-50 mixes. This is very dry compared to moisture conditions of 
field concrete. The first measuring point after 2 weeks carbonation showed weight gains several 
times those expected from carbonation alone. Hence, in this test, carbonation takes place 
accompanied by water adsorption – rather than being controlled by the drying rate as in the 
“natural process”. 
 
To avoid this predrying problem we suggest other tests are carried out using a version of the brand 
new (July ’98) prEN 13295, which includes moderate and therefore more realistic drying (20°C, 
60 % RH), and exposure to 1 % CO2.  
 
The present results, however, are not surprising, in principle. Other CaO-poor binders (containing 
fly ash, silica fume etc.) are also prone to carbonation, and the extent to which this is a practical 
problem can only finally be resolved by field tests under a variety of natural exposure conditions. 
 
It should be added that carbonation is a practical problem for normal quality concrete (w/b = 0.60) 
in buildings etc. For higher quality concrete (w/b ≤ 0.45) in bridges etc chloride induced corrosion 
is the dominant durability problem, and carbonation of little relevance. 
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4. CONCLUDING REMARKS 
 
The present series of tests have covered a wide range of user oriented properties of EMC-
concrete, and compared these to reference OPC-mixes. 
 
The main result is that the EMC-grinding procedure has had a remarkable effect on the efficiency 
of the resulting binder when OPC was interground with 20 and 50 % practically inert quarts. In 
this report some deductions regarding the mechanisms behind the observed effects are made: very 
high degree of cement hydration, presence of pozzolanic or other reactions, reduced pH in the 
pore water, more finely divided and less continuous pore structure. These are likely explanations, 
but they are not confirmed by the more direct research methods available. To do so would 
increase our understanding of the process, help to optimise it, and finally increase the credibility 
and acceptance of the results.  
 
From a user point of view it appears that fresh concrete properties are in line with normal concrete 
properties, and do not present any basic problems. 
 
To obtain a given compressive strength the w/b-ratio required varies with the amount of quartz 
filler as expected. EMC-50 requires lower w/b-ratio to achieve equal strength. EMC-50 also 
produces less early strength than OPC – and lower strength gains after 28 days. 
 
The 6 tests of transport properties of water and chlorides showed that both EMC-20 and EMC-50 
were more efficient than the parent OPC. These tests are meant as indicators of durability. The 
fact that they all lead to the same conclusion means they reinforce each other, but it must also be 
noted that such accelerated tests do not necessarily predict field performance under natural 
exposure conditions. 
 
The frost/salt-scaling results indicate that resistance may be achieved by proper air entrainment in 
line with normal concrete. 
 
Carbonation represents the biggest question mark in the test results. This is of course not 
unexpected for concrete where the OPC-component is strongly reduced. The problem is familiar 
in connection with use of highly efficient pozzolans, other blended cements etc. More testing is 
needed to understand the carbonation process in EMC-blends, and in particular to see if the 
present high values for EMC-50 are caused by an unrealistically accelerated test procedure. 



MEMORANDUM 
 
Date: 21.02.2000 
 
Prepared by:  HANS HEDLUND (Skanska) 
 
Experiences of EMC 50q - Bridge casting 
 
Background 
In a joint task within the Centre of High Performance Cement (CHPC) and the Swedish 
National Road Administration, Region North, a bridge with a span equal 16m was to be cast 
with approximately 200m3 concrete using Energetically Modified Cement (EMC). The EMC 
binder contained 50% of fine quartz sand and 50% of Swedish Standard Slite cement (CEM I 
42.5 R from Cementa AB, a subsidiary of Heidelberger Zement). 
 
The bridge was built by Skanska AB; one of the leading construction group's in the world. 
 
The bridge was located some 50 km south of the Polar Circle where the temperature often 
drops below -30°C during winter and rises above +20°C in the summer period. The 
transportation time from the ready mix factory was approximately 50 - 60 minutes. 
 
Performance requirements for the concrete was as follows: 
 
* Suitable for the use of pumping equipment 
* Good workability - slump at app. 100mm on site 
* Air content of 4.0 - 4.5% at site 
* Frost resistance (Borås-method) 
* Strength class of K55 - K60 
* Topping of steel fibre reinforced concrete (SFRC) 
 
A key performance element for casting a concrete bridge in such severe climate is frost 
resistance which requires the use of a well-distributed air void system. From an architectural 
as well as an economic point of view a high strength and slender structure was desired. 
Another key element to achieving a long lasting bridge is to have excellent performance 
during casting.  This requires a good composition of the fresh concrete. 
 
Conclusions 
A comparison between laboratory tests and tests of on site casting shows that bridge concrete 
made of EMC 50 cement has equal performance to concrete using 100% OPC. (See table 
attached.) 
 
Preliminary Laboratory testing 
In co-operation with the ready-mix factory, Kallax Betong och Grus, in Kalix and Luleå 
University of Technology (LTU) the EMC concrete mix was designed and tested to follow the 
desired requirements. 
 
Testing was done at the concrete laboratory of the Structural Engineering Division at LTU. 
Strength development and maturity, temperature development (generated heat), frost 
resistance, shrinkage, free deformation together with workability aspects were tested (see 
Norberg 1998). 



 
Workability of the fresh EMC 50 concrete was designed to fit the production procedure 
chosen by the contractor. 
 
Nearly 50 different fresh concrete mixes were tested to evaluate slump loss, loss of air content 
due to transportation, early age strength development, etc. 
 
The optimal sieve curve of aggregate consisted of 52% gravel and 48% coarse aggregate in 
combination with a relatively low cement/binder content. 
 
Tests were done using EMC50 binder content ranging between 530 - 600 kg/m3. Best results 
over all were obtained using 530 kg of EMC50 per cubic meter concete. 
 
Initial slump after casting was about 180 - 200mm.  Investigations showed 70 - 80mm 
slumploss one hour after mixing in a simulated transportation. 
 
In the same way the air content decreased about 1.0 -1.5%. 
 
These results are all in line with those normally achieved with 100% OPC.  (See table 
attached.)  
 
Bridge casting experience 
During bridge casting the ambient temperature was in average -5°C and windy. 
 
The production of the main bridge was cast using a concrete pump and vibrating sticks and 
the topping was cast directly on the wet main deck using a bucket and a vibrating beam. The 
creating personal was pleased with the remarkable good workability after such a long 
transportation and it was no problem to place it. The concrete had the same consistency as 
ordinary concrete, but behaved more like self-compacting concrete. 
 
The site manager from Skanska remarked that the surface appearance was significantly better 
than for ordinary concrete. It was also appreciated that the concrete surface had a much lighter 
colour compared with ordinary bridge concrete. 
 
The strength development of the chosen concrete mix reached 75% of its 28-day compressive 
strength within ten days of maturity. The slight retardation in early strength development was 
caused by slightly higher dosages of superplastisizer used to achieve the good workability 
(lignosulfonate based) (0.5% in comparison with average value 0.3-0.4% by cement weight 
for OPC). The strength development started about 10 - 12 maturity hours after casting. The 
heat evolution started earlier – before the strength development - preventing the concrete from 
freezing thus confirming the winter concreting potential of the EMC binder. 
 
Analysis of the heat liberation of the bridge concrete has been performed in parallel with both 
semi-adiabatic and adiabatic equipment. The measurements performed by Skanska at the 
bridge were in line with the temperature development calculated in the laboratory. The EMC 
50 mix has significantly lower final value of generated heat compared with heat liberation of 
the base cement (Slite Std P). No thermal cracks occurred during construction work. 
 
The frost resistance was tested according the Borås method up to 56 freeze and thaw cycles. 
The Borås method is periodical cycles with 3% sodium-chloride solution as the temperature 



changes from +20°C - -20°C and back to +20°C within a 24-hour period. The EMC 50 
concrete mix had an air content of 5.3% giving good frost resistance of the bridge mix. 
 
Measurements of the autogenous deformation indicate shrinkage of the same magnitude as 
high performance concrete (HPC) with the same level of water-binder ratio. This effect may 
be due to the amount of superplastisizer used. Thermal dilatation is of the same magnitude as 
for ordinary concrete mixes containing ordinary Portland cement. 
 
About one week before casting of the main bridge and deck it was decided to use a steel fibre 
reinforced concrete (SFRC) topping cast on the bridge. The same requirements were set as for 
the main bridge. Using 60 kg/m3 of steel fiber the slump measured 120mm after casting and 
80mm one hour later. 
 
The SFRC topping showed the same experiences as mentioned above. 
 
References 
Norberg, J, (1998), "Concrete of the future - a comparision of some mechanical properties for 
energetically modified cement and Portland cement”, Luleå University of Technology, 
Division of Structural engineering, 1998:256 CIV, pp 60. (in Swedish) 
 
Hans Hedlund (Skanska) 
Average test results (laboratory tests, casting tests and reference OPC concrete tests. (Table 
attached) 
 
Luleå, December 15, 1999 
 
 
Hans Hedlund (signature) 
 
 
 
Table 
 
Average test results of EMC and OPC concretes (laboratory tests and data from bridge 
casting) 
 
Mix type Binder 

type 
Binder 
content, kg/ 
m3 

 w/B Slump, mm Density, 
Kg/m3 

Compressive strength, 
MPa 
 
  1d      3d      7d       28d 

Laboratory EMC50  530 0.38 175 - 180 2400 15-18    32     41        66 
In-situ casting EMC50  530 0.38 180 - 200 2400   17       31      40       63 
Reference (lab) OPC  530 0.38 175 - 190 2400 18-20    30   40-45 60-65  
 
 
 
After 7 years of exploitation Karungi bridge according to Swedish Road Administration is in 
excellent condition. For further information please contact: Mr. Gunnar Zweifel Swedish 
Road Administration (Region Norr), phone: +46 920 23 6200, e-mail address: 
gunnar.zweifel@vv.se  





 


