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ABSTRACT

The aim of the research has been to develop and document a series of innovative test
methods and procedures for use in Pre-testing and Quality-Assurance of concrete in
genera and particularly of High Performance Concrete.

This goa was transformed into the following task-objectives:

3

Development of a method for determination of the water/cement-ratio of a
given concrete at the concrete production plant.

Further development of this method for on-site Quality Assurance of
variations in w/c-ratio of the concrete.

Development of afast and reliable method for assessment of the air void
structure of fresh concrete at the concrete production plant.

Further development of this method for use on-site. Quality Assurance,
Quality Control and Monitoring of the air void structure of the placed and
compacted concrete.

Development of a method for determination of the degree of compaction of
concrete.

Development of a method for detection of defects in placed and compacted
but still, plastic concrete.

Development of a method for prediction of the chloride diffusivity of the
fully matured concrete material.

An assessment of the resultsis given below:

Assessment of Results
Objective | a Il v
W/c-ratio, concrete plant +
W/c-ratio, structures +
Air-voids, laboratory +
Air-voids, structure +
Degree of compaction +
Defects in structures +
Prediction of diffusivity +

The assessment classes are as follows:
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) Very satisfying, Commercialy feasible;

I Satisfying but needs further research or documentation;
1) Research ideas confirmed, but further research is needed;
Iv) Failed.

For the group | research; Very satisfying results with immediate commercia values,
anumber of prototypes of the testing equipment were constructed.

These prototypes have been tested in full scale on large civil engineering, High
Performance Structures.

During this practical test phase it has been documented that the research did meet an
industrial need and it is already proved that some of the methods already at this
premature stage have contributed to reduction of construction costs and to
improvements in Quality Assurance Management.

For these tests, test method statements have been prepared.



3. INTRODUCTION, BACKGROUND OF THE RESEARCH

31 Background, State-of-the-art

In the Technical Annex of July 1990 the background of the research was presented
asfollows:

Quality Assurance and Quality Control of concrete are today in its advanced form
carried out in separate stages:

)

ii)
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Quality verification of the concrete components, i.e. cement, water,

aggregates and additives. By this processit is assured that the materials
going into the concrete mix are of the specified quality. It is, hereby assured
that harmful alkali-aggregate reactions cannot appear. It is, further, assured
that the alkali- and the chloride content of the materials are below the
specified level.

During batching and mixing it is assured that the composition of concrete
is in accordance with the specification, i.e. that the aggregates are batched
by their correct quantities and that the average water/cement-ratio is correct
for the batch.

Theair void content of the concrete may also be determined.

The testing methods for the determination of these properties are well
known and described in Standards of Practice (Sieving, determination of
water content, air content determination by pressure-meter method etc. )

Based on this information an accurate forecast of the ultimate strength of the
concrete can be given.

Strength testing of laboratory produced specimens. Hereby, the strength
properties of the concrete are verified normally after 28 days.

Petrographic analysis of hardened concrete.

Hardened concrete bears inherent evidence of the materials used, the
methods of work, factors influencing the concrete both during the hardening
process and later, chemical transformations and of any damages.
Analyses of the concrete’s structure and its components, using suitable
methods and combination of methods, makes it possible to describe the
composition of the concrete, account for its origin and determine events
which occurred in the concrete during and after its hardening. On the basis
hereof the durability can be predicted through comparison with an idealized
model and with existing empirical information. It is, thus, easy to determine
factors directly influencing the durability of the concrete such as air-void
size and distribution, w/c-ratio and its variation in the concrete, formation
of cracks or the appearance of other types of flaws.

Generaly it can be stated that the above mentioned methods and procedures
are excellent for the control of the hardened concrete and for the
documentation of the properties achieved as to durability as well as
strength performance.
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The methods are also excellent to assure that harmful alkali-aggregate
reactions will not appear in the concrete structure.

At present, however, there are hardly any methods available for predicting
the properties described in iv) of the hardened concrete. Based on present
knowledge and methods it does not seem possible (by testing with the
freshly mixed concrete or the compacted in-place, but still plastic concrete)
to assure the quality of the concrete with regard to the following properties;

* dengity of the cement paste;

* uniformity of the cement paste;

* gize and distribution of the air-voids;

* permeability and diffusivity of the concrete;

* homogeneity of the concrete, i.e. by detection of cracks, honeycombs and
other types of flaw.

OBJECTIVES OF THE PROJECT

It has been the objective of the research to develop a system for Quality Assurance
of Concrete and to test and verify this system based on petrographical analysesin
combination with testing of permeability and diffusivity of the hardened concrete
using traditional testing methods.

It was the goal of the project that the R&D would result in the following new test
methods:

Determination of w/c-ratio of fresh concrete and the homogeneity of the
cement paste. The accuracy of the test method should be within +0.05 of
the equivalent w/c-ratio. This accuracy requirement was, further,
strengthened during the research to + 5 % on the water content or +0. 03 on
the w/c-ratio.

Determination of air-void structure (quantity of air with diameter <0.5
mm, size and distribution) in the fresh concrete.

The accuracy of the test method is expected to be within + 10% on single
tests and +5% on series of 3 as compared with results of testing in
accordance with ASTM C457 on the hardened concrete.

Determination of the consolidation of the in-place, still plastic concrete and
the homogeneity of the material. Relevant measures to describe the
uniformity of the concrete will be developed during the research.

Determination of maturity, permeability and diffusivity:

Determination of maturity. The accuracy of the method is expected to be
within +5% (mature concrete = 100%).

Determination of permeability and diffusivity. The aim of the test method
Isasaminimum to classify the resistance towards ingress of chloride in a
scale with five classes, the span of diffusion coefficients from the lowest to
the highest being one order of magnitude.
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TECHNICAL DESCRIPTION
4.1 Introduction

The research approach was described in a work programme which combined a
number of tasks.

During the research this work plan has been dlightly changed or rephrased. The
objectives were not modified during these revisions and the final version of the
technical description does, indeed, till reflect the original objectives.

The last revision is dated September 1993 and was a result of the Midterm
Assessment. The document contained the following index of research topics:

1.1 Wic-ratio determined by the relative specific weight of the cement mortar.

1.2 Wic-ratio determined by electromagnetic absorption or damping.

13. Water content determined by radar techniques.

2.1 Determination of Air Void Structures before compaction of concrete.

2.2 Determination of Air Void Structures before compaction of concrete.

31 Assessment of prevailing flaws in present state-of-the-an! concrete structures.

3.2 Description of ultra sound and nuclear principles applied in the research.

3.3 Radar, impact-echo and infrared thermography.

4.1 Macro homogeneity and consolidation by radar principles.

4.2 Determination of consolidation by ultra-sound principles.

4.3 Degree of consolidation based on impact-echo principles.

51 Detection of severe compaction defects and honeycombing.

5.2 Detection of cracks based on ultra-sound measurements.

6.1 Determination. of setting time by radar principles.

6.2 Determination of moist curing of concrete.

7.1 Determination of diffusivity based on resistivity measurements of the young
concrete.

7.2 Determination of diffusivity based on resistivity measurements of hardening
concrete.

All these research tasks have been concluded with areport which has been approved
by the Steering Committee of the project and annexed to either the annual reports or
this final report.

Description of the Research

Determination of water/cement-ratio of fresh concrete.

Three principles were tested during the research in task 1.
determination of w/c by assessment of the relative specific weight of a
mortar sample;

w/c-ratio determined by electromagnetic absorption or dumping;
w/c-ratio determined by radar techniques.
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During the research it was demonstrated that ther elative specific weight of a mortar
sample was a precise measure for the paste density (w/c-ratio) conditioned that the
air content and volume of the sample were known.

This requirement matched very well with the techniques and objective of task 2;
Determination of air void qualities.

In task 2 a sample of 20 ccm is used for determination of the air void structure.

Research in task 1 demonstrated that the precision of sampling thisvolume of cement
mortar was not acceptable for meeting the requirement to precision in determination
of the w/c-ratio within +5% ( £0.025 on the ratio).

However, during the research in task 2 it was investigated whether the sampled
mortar for air structure testing did, in fact, represent a homogeneous mixture of
aggregates (below 6 mm), cement, water and air.

In order to address this issue, a series of tests were conducted on samples collected
with the technique described in task 2.

The samples were weighed on a precision balance and, consequently, dried in a
micro-wave oven for 5 minutes. The result of these tests was to determine the water
content of the samples very accurately, allowing a determination of the w/c-ratio
with an accuracy in the order of 0.02 if the batched sand/cement mix proportions are
known.

Research carried out by FORCE Institutes revealed that the electr omagnetic
absor ption technique rather determined the air content in a sample than the w/c-
ratio. This was a very disappointing finding as it, for quite a while, was believed
that this technology would turn out to be the most feasible.

Having recognized that the interpretation of the early test results was erroneous,
research using this technique was termimted.

Radar techniques turned out to be a good option for determination of w/c-ratios.
The test method developed by M-on determines the water content in a mortar or
concrete sample with an inaccuracy of max. 5 % which meets the acceptance criteria.

Determination of the quality of air void structuresin fresh concrete.

Though, it may be claimed that the mechanism of saturation, freezing and
deterioration is still not fully understood and certainly not yet assessable for
modelling, it is today accepted that air entrainment of concrete exposed to severe
weathering results in amuch improved frost resistance. It is aso well-known that
such systems of entrained air should consist of a certain volume of air bubbles and
that the diameter of these should be small. Air voids with diameters larger than 0.5
mm are not contributing to the durability of the material.

It is, thus, obvious that it is not the volume of air in a given concrete which is of
importance but the number of very small bubbles. This quality is often described by
the co-called spacing factor which is mathematically derived from the measurement
on hardened concrete of air content and the specific surface hereof.

Usually the quality of the air void structure is assured by testing the air content of
the fresh concrete by use of the pressure-meter method. Thisis, in consequence, of
the above statements, clearly insufficient as a QA measure.
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The objective was to gather necessary data to prove that the results obtained by
testing the fresh concrete, according to a new technique called the Fresh Concrete
Air Void Analyzer Technique (FCAA), are reliable and correlate well, irrespective
of the type of concrete with the results obtained by analyzing the same concrete after
hardening in accordance with the generally accepted ASTM C457 standard practise.

The results prove that for determination of the specific surface and the spacing factor
the suggested new technology works very well.

Almost al individua measurements of the FCAA fall within the 95% confidence
interval.

In relation to determination of total air content in the concrete the method is not
sufficiently accurate.
This result is not surprising as analyses are based on samples of 20 ccm.

This size is too small for the required provision. If the total air content is of
importance in the Quality Assurance process the use of traditional pressure-meter
should be recommended.

It is concluded that the research is successfully completed and the technology is
already in the commercial phase based on the obtained documentation,

Determination of macro homogeneity and degree of consolidation by radar
principles.

It was the objective of the present task to detect inhomogeneities in the fresh, already
placed and compacted concrete.
The inhomogeneities which were examined were;

* large bleeding phenomena
* segregation of aggregates
* erroneous placing of different types of concrete in the same structure.

The technique applied was the radar technique which had proven valid in task 1 of
the project.

This technique was applied on three types of structures; A concrete pavement, a
power plant and a precast concrete element.

Thisfield testing of the radar technique revealed that the positive results found at the
laboratory are difficult to reproduce at a construction site. Thisis due to a number
of practical problems. The use of an antenna with a lower frequency can solve the
problem experienced with insufficient penetration depth. In that case attention has
to be paid to the resolution. When measurements are conducted through wooden

moulds, attention has to be paid to the detection of the reflection of interest. Special

steel barsto strengthen the mould can disturb the electro magnetic waves.
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In genera a calibration line (the relationship between dielectric constant and water
content of the concrete of interest) should be determinedin the laboratory, Too many
parameters influence the dielectric constant of the fresh concrete, meaning that the
dielectric constant cannot be cal cul ated.

It is believed that after solving the practical problems, the radar technique can be
successfully used at construction sites to determine the water contents of concrete
and, consequently, the uniformity of a casting.

Especialy, the application of the radar technique in pre-cast concrete plants can be
of great value.

Deter mination of degree of consolidation of ultra-sound principles.

It was the objective of the present task to monitor the degree of compaction or rather
the development of this parameter during actual work based on ultra-sound
measurements.

The risk of failure in this task was considered to be high as the method of assuring
ultra-sound contract between transducers and concrete must be established through
the simple contact between concrete and the transducer while thisis moved aong
with the vibrator or arod close to the vibrator.

Initial test results looked very promising. However, the researchers did not manage
to reproduce these results.

The research must, therefore, be considered unsuccessful.
Deter mination of degree of consolidation based on impact-echo principles.

It was the objective of this task to investigate whether it was possible to transfer the
existing impact-echo technique for detection of cracks and honeycombs in hardened
concrete to application on concrete which was still plastic. Early in the research it
became clear that the problems which were recorded in using the impact-echo
equipment on fresh concrete were so severe that a successful completion was
questioned.

Nevertheless, it was decided to continue the research until a justified assessment
could be given.

Severa approaches were made but the researchers seemed unable to control the
process.

The fina conclusion was that impact echo is working well on hardened concrete but
the scatter and ‘noise’ which were recorded when applied on fresh concrete indicated
that the method was not feasible for the intended purpose.

Detection of defects in fresh concrete.

Prevailing flaws in modern concrete structures were initially described. These studies
identified the most serious defect areas as systems of oriented cracks and inter-
connected zones with increased capillary porosity probably due to overvibration or
lack of micro stability of the concrete.
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Radar-, ultra-sound and impact echo techniques were tested. However, it was
concluded that the phenomena were not detectable with the techniques which were
avallable.

Determination of diffusivity based on resistivity measur ements of different
har dening materials.

The objective of this research was to develop a method which would enable the
researcher in a concrete pre-testing phase to predict the final diffusivity of a concrete
composition based on measurements of electrical resistivity in the early stage of
hardening,

In order to determine the final diffusivity of the samples it was necessary to
document the development of conductivity as a function of time and maturity of the
concrete.

Depending on concrete composition the conductivity changes with different rate. This
rate of conductivity changes were determined for different types of concrete. The
results were compared with measurements of chloride diffusivity for the same
concretes at a fully matured age.

The conclusions of the research were:

i) Measurements of electrical conductivity may be used for prediction of
chloride diffusivity at full maturity.

i) In order to predict the diffusivity measurements of both conductivity of the
concrete and its pore water are required.

ii) Prediction of diffusivity by means of conductivity measurements of concrete
younger than 28 days makes it possible to apply this technique in pretesting-
procedures provided the correlation between resistivity and conductivity for
this type of concrete (i.e. OPC concrete, BFSC-concrete etc.) has been
previoudy established.
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RESULTS AND CONCLUSIONS

Results

The following test methods have been developed during the research:
1. Prediction of the paste density

The water cement ratio of a concrete with known theoretical composition can be
determined with an accuracy of +0.02 corresponding to determination of the water
content with an accuracy of +5 kg/m®.

Two principles proved feasible:

- Sampling of mortar, drying out and fast chemical testing;
- Radar detection;

2. Prediction of the quality of an entrained air void system.

Based on principles of separation of air voids from paste and succeeding recording
of their size and number through bouyancy recordings an intensive documentation
of the accuracy of the method has been carried out.

The outcome has been that the specific surface and the spacing factor of a given air
void structure may be determined with an accuracy of +10% assuming that an
average of 5 measurements of the same properties performed according to ASTM
CA457 represents the ‘true’ air void structure.

3. Prediction of the permeability and diffusivity of concrete.

The research has resulted in a test procedure which in the pre-testing phase enables
the researcher to predict essential properties of the concrete. Under normal
circumstances it may take up to one year to produce the same results.

The following conclusions may be drawn:

* M easurements of electrical conductivity can be used for determination of
concrete diffusivity, e.g. chloride which rate influences time to initiation of
reinforcement corrosion.

* In order to determine concrete diffusivity both conductivities of concrete
and its pore water must be determined.

* The diffusivity of a specific concrete mix can be calculated if the
conductivity measured in early stage of hardening is corrected to the values
which will be developed in fully matured material. This correction is done
by means of empirical determined correlation factors.

Results obtained in this work correlate well with similar data published in
the literature.
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* Determination of diffusivity by means of conductivity measurements
performed in the early stage of concrete maturity makes it possible to apply
this technique in the quality control procedures, while the traditional
methods require at least double as much time before the test results are
available.

In the following field the research did not yield fully operational test method
statements; However, in this area it is expected that further research or
documentation will lead to test methods and equipment which will be industrially
feasible.

4. Determination of degree of consolidation by ultrasound.

During the research it was recorded that the degree of consolidation could be
monitored by ultrasound measurements. The industrial potential for such testsis
enormous and studies of the accuracy of the test were concluded. These proved that
at present the scatter is too hig.

The research seems, however, to be so promising that a continuation of the research
is foreseen.

Conclusions

The research aimed at developing a complete Quality Assurance System for modern
concrete structures.
This objective has not been achieved 100%.

However, the results obtained represent significant breakthroughs and extensionsin
the state-of-the-art which allow the partners to exploit the results commercially
within a short time horizon.
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