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Water/cement-ratio (w/c-ratio) is an important factor affecting quality of the concrete, which has
motivated engineers to do research on determining the w/c-ratio. The traditional way to estimate the
w/c-ratio by weighing the cement and water from mix design. The estimated results are usually not
accurate as the other factors affect the accuracy such as moisture in the aggregates and water added in
the construction site. In this thesis other methods are investigated to determine the w/c-ratio of fresh
and hardened concrete.

The research was carried out in the literature review, which consisted of effect of hydration process,
source of water in the concrete, workability of the concrete as well as w/c-ratio effect on the strength
of the concrete. The laboratory work consisted of the preparation of nine concrete with three different
w/c-ratio and each w/c-ratio is divided into three category of air content ranging from 2% to 10% by
volume. Different measurement methods are explained in the experimental part to determine the w/c-
ratio of fresh and hardened concrete. Three methods are exploited to determine w/c-ratio of fresh
concrete and one method for the hardened concrete.  The methods utilized in the fresh concrete are
hydro-mix, SONO-WZ and microwave oven. Capillary suction method is used for the hardened
concrete.

Based on the result and calculation, Hydro-mix shows moisture content in the real-mixing time and it
shows good results with higher air content. SONO-WZ is a portable measuring device it shows good
results with higher w/c-ratio and concrete with the air content in the range of 2% to7%. SONO-WZ is
not a suitable device for the 9–10% air content concrete that is because the air gaps in the high air
content concrete which effect the flow of dielectric current. Microwave shows reliable results
however, the results are less that the actual w/c-ratio because there is still some entrapped air left in
the sample.

Digitalization measurement system plays an important role in modernizing the quality control of
concrete. It is beneficial to measure the workability, moisture content and air content of concrete in all
phases of concrete production. These measurement technologies measure the properties of concrete in
real-time with minimal effort and less supervision.
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1 Introduction

1.1 Background
Concrete is one of the most common material used for construction purposes consisting
cement, aggregate, water, and admixtures. Concrete acts more like a fluid and can be
moulded into any shape required. Furthermore, the mould-ability depends on the flow-
ability and stiffness.

Concrete is usually ordered based on its strength class and workability requirements. To
achieve the desired workability consistency class water is added to increase the slump,
however this increases the overall water/cement-ratio (w/c-ratio) of concrete and
weakens the strength. Unfortunately for the visual inspection it is hard to distinguish
concrete made different w/c-ratio, therefore the special tests are required to get the
accurate amount of w/c-ratio from fresh and hardened concrete.

1.2  Demand for the Research
Water/cement-ratio (w/c-ratio) is a relevant factor affects the quality of fresh and
hardened concrete. In Finland the requirements for concrete production were defined in
Betoninormit BY65 and it is the responsibility of the concrete producer to make sure
that these regulations were followed. An increase of small amount of water such as 5
kg/m3 in the mixer cause variation in total w/c-ratio of concrete. The other factor affects
the w/c-ratio of the concrete comes from the aggregates, especially from sand and fine
aggregates. In construction site the aggregates were kept outside where they absorbed
moisture from the atmosphere which affect the total amount of w/c-ratio of concrete
(Virtanen, 2010).

Water/cemet-ratio of fresh concrete is a challenge that has motivated engineers and
researchers for several years and they have done a sufficient amount of research to
determine the water/cement-ratio (Mancio, Moore, Brooks, Monteiro, & Glaser, 2010).
When comparing two mix design with same properties, the one with the lower w/c-ratio
will be stronger as compared to the other which has a high w/c-ratio (Rebelo, 2014). In
1919, Abrams concluded that the w/c-ratio is the largest contributor to the strength of
the sample that relationship was so powerful therefore, Abrams derived an equation to
find the compressive strength of concrete based on the water/cement-ratio (Abrams,
1924).

Besides, one of the variables is quality control (QC) of the concrete. The preparatory
QC is based on calculated w/c-ratio, compressive strength of hardened concrete and air
content amount in the fresh concrete. However, by the time these tests are completed,
the concrete becomes hardened and if the performance criteria does not meet the
standard value, it might need to remove or demolish that part. This might cause delayed
schedule or loss of money. Therefore, the growing need for fast setting, reliable
methods are required to determine the w/c ratio of fresh and hardened concrete.
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1.3 Research Objective
The aim of this thesis is to determine the w/c-ratio of concrete with different methods.
To measure w/c-ratio of fresh concrete, three methods have been used which are Hydro-
mix, SONO-WZ and microwave oven. Capillary suction test is used to determine the
w/c-ratio of hardened concrete.

The objectives of this thesis were:

· to give the literature review about the factors affecting the w/c-ratio of concrete.
· to find suitable methods to determine the w/c-ratio of concrete.
· to find the influencing factor(s) which affect the test results and compare them in

the laboratory environment.
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2  Role of water/cement-ratio in concrete

This literature review first discusses the source of water in the concrete, effect of
water/cement-ratio on workability of concrete, hydration process and in brief overview
of the effect of w/c ratio on the porosity and gel pores. Furthermore, concrete with the
lower w/c ratio has low capillary voids and the effect of water/cement ratio on the
strength of the concrete.

2.1  Source of undesirable water in the concrete
Undesirable water can be added in a concrete batch either by mistake or deliberately
during the manufacturing process, transportation and placement of concrete. Concrete
manufactures should have followed ASTM C94 which states that the water added in the
batch should be measured by volume using volumetric tank or water meter with the
accuracy of ±1% of the design total mixing water (Obla & Lobo, 2011).  The extra
source of water in the concrete is as follows:

o The extensive way of water addition in the concrete is from aggregates. The
aggregate moisture causes significant variation in the mixing water content. If
the aggregates are stored in the outdoor environment then rain and sun exposure
can cause water variation. Therefore, it is important to monitor the water content
of aggregate constantly to ensure the accurate w/c-ratio because aggregates
contain the largest volume in concrete mix design (Obla & Lobo, 2011).

o In the construction site, concrete is accepted based on the slump level or visual
consistency. After loading the material in the truck, the operator does the visual
inspection and slump test. After that the truck is allowed to go to the desired
place the distance might change the workability of the concrete because of the
hydration process or heat. Therefore, truck driver added water in the truck to
ease their work but it should be done under the supervision of expert or the best
way is to add superplasticizer to get the desired slump on construction site.

o Addition of water on the construction site is also the cause of variation in the
w/c-ratio. Water is added in the concrete to get the desired workability.

o Another source of unwanted water in concrete is the repeated use of same
concrete truck. After pouring the concrete on the construction site, the truck
owner washes his truck to remove the old concrete. This process allows the large
volume of water staying at the bottom of the drum. Therefore, when the concrete
truck returns to the plant to be loaded again, the volume of water remains at the
bottom and causes the variation in the w/c-ratio.

There are many ways of addition of extra water in the concrete mix, which cause change
in the designed specification of concrete. Therefore, the test to measure the w/c-ratio of
fresh and hardened concrete is important to avoid error.
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2.2 Effect(s) of w/c-ratio on workability
Water/cement-ratio is a main factor which affects the workability of concrete. Generally
w/c ratios of 0.45 to 0.6 are used for good workable concrete without any admixture (SP
and AEA). Higher the w/c-ratio higher will be the water content per unit volume of
concrete, which might cause some problems e.g. bleeding, segregation and losing
compressive strength. Slump test is used to determine the workability together with the
consistency of fresh concrete (Gopal Mishra, n.d.).

Workability of the concrete is considered as the placement of the concrete without
segregation and bleeding. If concrete is segregated, it means that coarse aggregates are
separated from the fine aggregates and it settles down at the bottom of the mixer that
will be difficult to move and place. Whereas the consistency cannot measure the
workability, it gives indication about the workability of the concrete. The concrete class
consistency measuring with the slump test according to (SFS EN 12350-2) is shown in
table 1.

Table 1 The concrete classes of consistency for slump

Class Slump Range
(mm)

Maximum Allowed Deviation
(mm)

S1 10 - 40 0 - 60

S2 50 - 90 30 - 110

S3 100 - 150 80 - 170

S4 160 - 210 140 - 230

2.3 Role of w/c-ratio in hydration process
The main source of strength of the hydrated cement paste is Van der Wall force of
attraction. The bond between the two solid surfaces is because of the C-S-H calcium
silicate hydrate and hexagonal calcium aluminate hydrate. These hydration products of
hardened cement strongly bonded to each other but also with the lower surface of solids,
such as calcium hydroxide, fine and coarse aggregates (Mehta & Monteiro, 2006).

Capillary void in the hydrated cement paste depends on the reaction of water and
cement at the start of hydration and degree of hydration. According to Power statement
in Mehta (2006), he made a simple calculation to demonstrate the change in the
capillary void with varying degree of hydration in cement paste because of the different
w/c-ratio. Based on his calculation there are two cases for the reduction of capillary
porosity, Case 1 is to increase the degree of hydration and Case 2 is with a decrease in
the water-cement ratio.

In case 1, a cement paste contains 100cm3 of cement and 200cm3 of water, so the total
volume is 300cm3 of cement paste. The cement hydration depends on curing conditions
e.g. temperature, humidity and duration of hydration. Therefore according to ASTM
standard curing condition, the volume of hydration after 7, 28 and 365 days, is 50, 75
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and 100% respectively. Therefore, the calculated volume of solid (hydration products)
is 150, 175, and 200 cm3 as shown in figure 1. The volume of capillary voids found
from the difference between the total volume of solids and the total available space is
50, 42, and 33% at 7, 28, and 365 days of hydration respectively (Mehta & Monteiro,
2006).

Figure 1 Example of change in capillary porosity with a degree of hydration (Mehta &
Monteiro, 2006)

In Case 2, 100% degree of hydration from a different cement paste that has w/c-ratios of
0.7, 0.6, 0.5, and 0.4 respectively.  The paste with the largest amount of water has the
largest volume of available space, but after the hydration process, all the pastes will
have the same quantity of hydration product. Therefore, the paste that has greater
volume has more capillary voids. The 100 cm3 of cement at full hydration will produce
200cm3 of solid hydration. Therefore, the volume of the concrete with w/c-ratio 0.7, 0.6,
0.5, and 0.4 was 320, 288, 257, and 255cm3 and the calculated capillary voids were 37,
30, 22 and 11% respectively. This shows that paste with lower w/c-ratio has no
capillary pores as shown in figure 2 (Mehta & Monteiro, 2006).

Figure 2 Example of change in capillary porosity with varying water cement ratio (Mehta &
Monteiro, 2006)
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2.4 Effect of w/c-ratio on compressive strength of concrete
Water/cement-ratio is one of the reliable parameters to determine the porosity of matrix
and strength of the concrete. The factors affecting the strength of the concrete are
degree of hydration, admixture, specimen parameter, aggregate size and moisture
condition. Pores within the material also affect the strength of the material because air
voids does not provide the resistance against force and cause cracks. Comparing two
materials one with denser porosity will have greater strength as compared to the other
which has more pores. In most materials, an inverse relation between porosity and
strength of solid exists as defined in equation 1 (Mehta & Monteiro, 2006)

S=S0e-kp (1)

Where; S is the compressive strength of the material,

p is the porosity,

k is constant

S0 is an intrinsic strength at zero porosity.

The same strength formula is applied to most of the homogeneous solid materials such
as zirconia, iron, and plaster of Paris as shown in figure 3.

Figure 3  Influence of porosity on relative strength material (Neville, 1981)
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Compressive strength usually performed on concrete after 28 days of curing. “Power”
understood the method of compressive strength so he performed an experiment on three
different motor mixture related to gel/space ratio as shown in figure 4 (Neville, 2010).

Figure 4 Relation between gel/space ratio and compressive strength (POWERS, 1958)

Power (1919) as reported by Mehta (2006), has established the relationship between gel
pore and the compressive strength. He showed that relation in his equation:

fc = ax3
(2)

Where; fc is the compressive strength of the material

a is the intrinsic strength of the material

x is a gel pore ratio.

From figure 4, the power found the value of `a´ which is 34000 psi (234 MPa).

fc = 234·x3  (MPa) (3)

Equation 3 shows the inverse relationship between the pores of the hardened concrete
and the compressive strength. In general increase in porosity will cause the decrease in
strength and vice versa.

In 1918 Abrams finished an investigation determining the strength of various concrete
mixes at Lewis Institute, University of Illinois. Abrams furnished a total of 50,000 tests
in a three-year time more of the tests being on the compressive strength of cement and
mortar. His studies covered the interrelation of following three factors: the size and
grading of aggregates, amount of cement and the quantity of mixing water (Abrams,
1924). Abrams concluded that the water in the concrete mix design is the main factor
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with the effect on the strength of the concrete as long as the mix is workable (Abrams,
1924). The standard w/c-ratio curve is shown in figure 5.

Figure 5  Relation between compressive strength and w/c-ratio (Dinakar & Manu, 2014).

This inverse relation presented by Abrams` equation

=
14000
7

(4)

Where S is the strength of the concrete and x is the w/c ratio. After further investigation
and analysis, Abrams modified his equation, which is also known as Abrams w/c
volume ratio.

fc = 
( ) (5)

Where: fc is the compressive strength of concrete

w/c represents the water/cement-ratio

k1 and k2 are empirical constant,

They depend on the cement type, aggregates, admixture and age curing regimes
(Abrams, 1919). In conclusion, w/c-ratio has a great impact on the strength on the
concrete e.g. if we increase w/c-ratio it will cause the increase in the porosity and pores
cannot withstand the stain. In addition, increase in porosity can also cause an
aggressive, chemical reaction on concrete and lower the durability of concrete.
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2.5 Measurement method to determine the w/c-ratio
2.5.1 Determination of water/cement-ratio in fresh concrete
Ramme (1989) as reported in Robelo (2014) stated that the test which helps to
determine the w/c-ratio of fresh concrete, would be highly valued as the w/c-ratio of any
concrete specimen contributes largely to its strength, permeability, and performance. In
order to adopt the test method in the industry, it must be easy to implement, quick to
perform, accurate and relatively inexpensive.

2.5.1.1 Buoyancy method
Naik and Bruce published a paper describing the buoyancy method to determine the
w/c-ratio of fresh concrete. “A body wholly or partly immersed in a fluid is buoyed up
with a force equal to the weight of the fluid displaced by the body’’ (Naik & Ramme,
1989). The underwater weight of concrete can be determined by knowing the specific
gravity of concrete materials. The specific gravity of cement is 3.15 and specific gravity
of aggregate is generally constant for a particular concrete producer. That need to be
measured before starting the project and underwater mass of water considered as zero.
The weight of cement and dry aggregates can be obtained from the design mix.

The underwater weight of the fresh concrete sample is equal to the sum of the weight of
underwater aggregate and underwater cement. Knowing the weight of cement paste will
enable us to determine the water-cement ratio (Naik & Ramme, 1989).

The test was performed in following steps:

1. Set the balance scale level.
2. Damp the container and plastic plate.
3. Place a 10 kg of fresh concrete in the container.
4. Fill the container with water up to 0.5 cm from the top rim.
5. Stir the concrete and water for approximately 1 or 2 minutes so that entrapped

and entrained air is removed.
6. Fill the container with water and remove overflowed water from the container
7. Measure the mass of the contents of the 0.001 m3 container.

To determine the underwater weight of concrete, the total mass from step 7 was
subtracted from the total mass of water-required filling 0.001m3 volume container. With
the specific gravity of cement and aggregates, the w/c ratio can be determined using
following equation (Naik & Ramme, 1989).
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w/c =
´  

· + − (1 + ) (6)

Where:  = the specific gravity of aggregate (-)

= the specific gravity of cement (-)

 = the weight of concrete in air (g)

W'c = the underwater mass of concrete (g)

Wa  = the calculated mass of aggregate (g)

Wcm = the calculated mass of cement in the sample (g)

The underwater mass of the cement can be determine using the following equation:

W c =  
− 1

· Wa +
− 1

·  Wcm (7)

Laboratory results show that the buoyancy principle generally produces low results
when compared with an actual w/c-ratio of the sample. The average percent error was
6% with the range from -15 to 8%. Additional tests have been performed which show
that the natural moisture content of aggregates and the specific gravity of the material
affect the overall calculation. Due to the specific gravity sensitivity in the buoyancy
method, the supplier data on percent absorption, bulk specific gravity and natural
moisture content were not accurate enough for this method therefore, additional
independent testing is required to verify those values (Naik & Ramme, 1989).

2.5.1.2 Time Domain Reflectometry (TDR)
Time domain reflectometer (TDR) provides fast and precise measurement of both
electrical conductivity and dielectric constant. Simple calibration equation is required,
which expresses the cement content to the electrical conductivity and water content to
dielectric constant. Therefore, TDR can measure both cement and water content, which
help to determine the w/c-ratio of fresh concrete (Yu, Drnevich, & Olek, 2010).

TDR essentially used to measure the moisture content in the soil. TDR system consists
of TDR device, connection cables and measuring probes as shown in figure 6. TDR
worked in such a way that probes were immersed in the soil and reflected pulse is
recorded in the system.
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Figure 6 Illustration of TDR system (Yu et al., 2010)

In newly mixed concrete, where chemical reactions are simply beginning, are same as
the soil mixtures. The water behaved the same in both fresh concrete and in soil. Over
the time, hydration process began and water started chemically bounded with cement. In
this way, the built up TDR for soil water content estimation is a possibility for
estimating the water  content in cement (Yu et al., 2010).

2.5.1.2.1 Calculation
Third order polynomial called as Topp´s equation is used in TDR soil dielectric constant
to volumetric water content.

= 4.3 · 10 − 5.5 · 10 + 2.92 · 10 − 5.3 · 10 (8)

Where:  is a dielectric constant

 is volumetric water content

Later a simple equation was proposed to provide similar accuracy

= · + (9)

Where: a = -0.1875 and b = 0.125 from dielectric mixing model

In equation 8 and 9 the volumetric water content can be converted into gravimetric
water content (w) which help to measure the water content in soil and in concrete the
equation for water content is shown in equation 10.

= · (10)
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Where:  is the wet density of soil (kg/m3)

 is the dry density of soil (kg/m3)

Siddiqui and Drnevich related gravimetric water content and dry soil density to soil
dielectric constant is as shown in equation 11.

· = + (11)

To determine water content in the concrete with the help of that equation, the density of
the concrete is required. The density of the concrete  can be calculated by air pressure
method. The relation between total and dry density is shown in equation 12.

=  1 +
(12)

Subtracting equation 11 from 12.

=  
· −

− 
(13)

Equation 13 with appropriate value of “a” and “b” for concrete can be used to determine
the water content of fresh concrete. The value of constant “a” and “b” were set as a=1.0
and b=14.5. The calculations are taken from Drnevich, and Olek research (Yu et al.,
2010)

2.5.1.2.2Experimental process
Two types of concrete were studied both used Type I cement in the concrete. One
concrete sample was obtained from Purdue University Chemical engineering building
construction site. The other concrete sample was obtained from Bowen civil engineering
high performance large scale laboratory, that was self-levelling concrete. Concrete
samples were put in the standard plastic mould with volume of 6.107×10-3 m3. The
mixture proportion is shown in table 2.

Table 2 Mixture proportion and water/cement ratio (Yu et al., 2010).

Gravel
(kg/m3)

Sand
(kg/m3)

Cement
(kg/m3)

Water
(kg/m3)

w/c-ratio

Chemical engineering 1089 916 306 162 0.52

Bowen lab 1101 916 336 161 0.48
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There are two types of water existence in the concrete i.e. chemically bound water and
free water. They have different dielectric behaviour, free water has relaxation frequency
of around 18 GHz and bound water is within MHz range. TDR is more sensitive to free
water because it has an effective frequency in GHz range. The TDR measured dielectric
constant and calculated free water content with equation 13 with time is shown in figure
7 (Yu et al., 2010).

Figure 7 TDR monitored free water content: a) Bowen lab, b) chemical engineering concrete
(Yu et al., 2010)

TDR measurement shows the decrease in the dielectric constant at initial time however
the decrease rate become slower with time. It is because of the hydration reaction start
taking place in the early age of concrete. To determine the w/c-ratio of concrete, TDR
value of water content should combine with the information of cement content taken
from the concrete batch. The calculated w/c-ratio of chemical engineering site sample
was 0.53 and Bowen lab sample was 0.52. These values were slightly higher than actual
w/c-ratio.
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2.5.1.3 Reflectometer
The use of microwave non-destructive approach has proven the accuracy and simplicity.
Therefore, the microwave properties were used to design the mobile and durable
reflectometer to determine the w/c-ratio of fresh concrete on site by using monopole
antenna probe (Ali et al., 2010).

Figure 8 Schematic diagram of the w/c ratio measurement setup (Ali et al., 2010).

Three models employed in investigation to calculate the optimum antenna parameters
are as:

· effect of temperature, salt and frequency of dielectric properties of water,
· mixing model,
· Wu model to calculate input impedance Γ .

The probe antenna as shown in figure 8 should be immersed in the mix in such a way
that it will not cause any air gaps. The height of the antenna should be 5mm and 2.6GHz
frequency should pass through that antenna to find the w/c-ratio of fresh concrete.
Reflectometer takes almost one minute to find the w/c-ratio and it displaces it on a small
LCD. Figure 9 shows the strong relationship between the w/c ratio and detector voltage
(Ali et al., 2010).

Figure 9 Output voltage as a function of w/c ratio at 2.6 GHz (Ali et al., 2010).
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2.5.1.4 Optical Moisture Measurement of Aggregates
Moisture in the aggregates causes a variation in w/c-ratio measurement, which affects
the final product. Coarse aggregates contain up to 0-2% and fine aggregates contain
10% of surface moisture content. In concrete industry moisture content of aggregates
were measured based on capacitive and microwave sensor.  Sensors were usually
installed in the mixer to have a direct interaction of sample with sensor or even over a
conveyor belt (Haavasoja, 2011).

Optical measurement has non-conduct detection of moisture content in materials.
Optical sensor transmits an active light source of preselected wavelengths band on the
sample and detector is used to collect the back reflected light for analysis. Two
wavelength bands are used in optical sensor one is on the absorption peak of water
molecule and other is used for the reference signal. To determine the moisture content
by calibration the reflected amount of light at absorption wavelength is compared with
reference signal (Haavasoja, 2011).

Figure 10 Reflectance of silt loam as a function of wavelength and moisture content in the
range of 0.8-20.2% (Haavasoja, 2011)

Bowers and Hanks presented figure 10 based on their measurement of infrared
wavelength. In concrete aggregate with increased water content shows the behaviour of
decreasing reflectance and increasing absorption peak. However, the range of water
content in aggregate is about 10% depending on the fineness number, with absorption
peak of 1.9µm (Haavasoja, 2011).

2.5.1.4.1 Water Content Monitor WCM411
Haavasoja used water content monitor WCM411 optical sensor to determine the
moisture content of aggregates. Sensor measured the moisture content from the surface
of the aggregates therefore, it mainly responses to free surface moisture. The sensor was
installed 0.5-0.8 meters above the sample surface with a dust protection tube to protect
the sensor from dust and other particles. The short time stability of the ssensor is about
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0.1% by weight with the accuracy of 0.3% with careful calibration and homogenous
material. The precise calibration of the sensor with aggregate is achived by starting with
1-2% moisture after that start adding water in steps upto 5% moisture.  The calibration
graph used in this research is shown in figure 11.

Figure 11 A typical calibration line for 0-4 mm fine aggregates (Haavasoja, 2011)

Fine aggregates were used WCM411 calibration process. In calibration sensor shows
the nominal accuracy of 0.1% which is hardened to get in the practice, reason behind it
the inhomogeneity of the sample and measurement environment. Haavasoja left the
sample untouched during the test period of four months. The weighed reference value of
three manual samples was collected from a mixing batch and comparison water loss in
drying to corresponding sensor reading. The comparison is shown is figure 12.

Figure 12 Comparison of sensor readings to a weighed reference value (Haavasoja, 2011)
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There was scatter in data as compare to calibration data. However, the standard
deviation in moisture was 0.2%. According to Haavasoja scatter in data was not related
to the performance of the optical sensor, error in the reading was because of the error in
manual sampling reference weighed data (Haavasoja, 2011).

2.5.1.5 Microwave Oven
Water/cement-ratio is one of the most important factors in the production of the high-
quality Portland cement. Many organizations have been looking for the best way to
determine the w/c-ratio of fresh concrete in a construction site. Most of the researchers
indicate that microwave oven could be used successfully to measure the water/cement-
ratio (Subdivision, 1989). Currently, there is no finalized ASTM standard for
microwave oven test method, so the American Association of State of Highway and
Transportation Official (AASHTO) has a standard method for testing designed as T318-
02 and entitled ‘‘Water content of freshly mixed concrete using microwave oven
drying’’(R.A. Rodden & D.A. Lange, 2005).

Concrete produced by the weighing properties of cement, aggregate, and water. Before
casting, natural moisture of the aggregates must be considered as a factor affecting w/c-
ratio and made sure that no extra water added to the mixture. Prior microwave oven
Naik performed some experiments in the ordinary oven and a hot plate to determine the
w/c-ratio of fresh concrete, but these methods were unsatisfactory because they were
slow and helped cement hydration process that makes the portion of water non-
evaporable. In addition, hotplate and ordinary oven takes a long time to evaporate all the
amount of water in the construction field (Naik & Ramme, 1987).

Naik’s original experiment consisted of batching a 1500g sample in the lab, from which a
representative 1000g sample of the fresh concrete was then spread out thinly on a 30cm
diameter microwave resistant glass plate. The sample was then placed in a microwave oven,
after every few minutes the sample was removed and stirred to expose trapped moisture
within the sample. This process would continue until a constant mass was determined
(Ramme, 1987). The mass difference between the initial fresh concrete and the dried
concrete was considered the water content of the sample. Using the cement content from the
mix design, a w/c could be determined. Naik and Ramme used an Amana microwave for
their tests but the power rating was never stated (Ramme, 1987).

Naik used 100% of Portland cement in his first eight tests with the w/c-ratio of 0.36-
0.73. The results of those tests showed the error of +28 to -11% with a mean of 14%.
After that controlled experiment was performed with water cement ratio of 0.6, they
made hand mix eight more samples and glass plate wass used to dry the sample to know
the exact mix proportions for each specimen. The average percent error of 3.5% was
obtained. Another eight tests were performed in the same manner but this time the cement
was eliminated, most of the water introduced in this experiment did evaporate. The error of
this modification was 0.6%. Two more hand mix batch were performed but in those tests
the sample allowed to stand for 30 minutes after the mixing. That causes the increase in
error of 2-4% because of water evaporation after mixing, therefore, the test was
recommended to complete as soon as possible after mixing (Naik & Ramme, 1987).
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In 1994, Nagi and Whiting did some modification on Naik and Ramme work. They
used a piece of fiberglass cloth to cover the glass tray and weight it. They used 1500 g
of fresh concrete instead of 1000 g, placed it in the tray right after the casting, covered it
with fiberglass to avoid evaporation of water and placed it in the microwave oven, set
the microwave oven with the power of 900 W. After 10 minutes the samples were
initially dried however, the concrete became dense and with entrapped moisture at the
center. The decision was made that after 5 minutes the sample should be unwrapped and
separate the coarse aggregates from the mortar and then grid the mortar with the pestle.
That whole process should be done within 45 sec and then placed the sample back in the
microwave oven for another 5 minutes. After that weigh the sample immediately after
taking it out from the microwave oven and then put it back in the oven for another 2
minutes and compared it with the 10 minutes of drying weight (Whiting, 1994). The
difference between the initial weight of the fresh concrete and the final weight after 12
minutes of drying can be calculated (Whiting, 1994).

W =   · UW · 27 (14)

Where: W is total water content of fresh concrete (kg/m3)

UW unit weight of fresh concrete (kg/m3)

Wi is the initial weight (g)

Ws is the final weight of the sample (g)

After 10 to 12 minutes of drying the water recovery of these concrete types ranging
from 91 to 97%. LMC and fly ash shows the lower recoveries (Whiting, 1994). They
did few more tests in which they increased the drying time and change it from 12 to 14
minutes and the recovery was closer to 100%. Thus it was decided to increase the
drying time and the results show the average error of 3% (Whiting, 1994).

The summary of microwave procedure is as follows:

1. Take 1500g of fresh concrete sample.
2. Place concrete in a glass tray and cover it with fibreglass.
3. Measure the mass and place it in oven.
4. Set the microwave oven at 1000 W.
5. Dry the concrete for 5 minutes and remove coarse aggregates and again dry it for

5 minutes.
6. Remove sample from oven and measure the mass and put it back for other 2

minutes.
7. Repeat the last step until the mass difference is less than 1g



19

2.5.2 Determination of water-cement Ratio in Hardened
Concrete

2.5.2.1 Scanning Electron Microscope (SEM)
In thin section analysis, fluorescence microscope and scanning electron microscope are
used as standard methods. However, the fluorescence method needs many reference
sections for compression of brightness that represents porosity. This method has been
criticized for not giving the accuracy in practice (Hoang & Igarashi, 2013).

SEM is a useful tool for the analysis of concrete with the advantage of digital imaging
and backscattered electron detector. Image segmentation help to septate the darker
features of capillary porosity from the solid components of cement that helps to
determine the w/c-ratio of hardened concrete. Determining the w/c-ratio is the
relationship between the water added in the paste and the capillary pores. Christensen
(1979) used the Portland cement to calculate the data of an increase in capillary porosity
with increased for water in design in a fully hydrated cement paste. That data are shown
in table 3 (Sahu, Badger, Thaulow, & Lee, 2004).

Table 3 Relationship between the w/c ratio and capillary porosity

Water- cement ratio by mass Capillary porosity of cement
paste % by volume

0.40 08

0.45 14

0.50 19

0.55 24

0.60 28

0.65 32

0.70 35

0.75 38

0.80 41

S. Sahu (2004) made a standard sample for the concrete with the w/c in the range of
0.45-0.85. At the age of 28 days, the concrete sample were cut into slices of 10mm
thickness. The cutting should be done in such a way that it won’t cause any damage to
the sample. The capillary pores of the samples were filled with epoxy layer and polished
with the diamond paste. After that the sample were placed into the SEM operating at
20keV acceleration. When performing the w/c analysis back-scattered electron detector
plays an important role in it, so they set the back-scattered intensity of carbon tape at a
grey level of 50 and aluminum tape at 145 (Sahu et al., 2004).

The image of cement pastes from concrete with three different w/c-ratios are shown in
figure 13.  The image on the right side is the binary image separated at a grey level of
50 and the image on the left is the back-scattered electron image with the magnification
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of 800. The automated software used to calculate the pixel area in the specified range
and then compared it to the standard.

Figure 13 Comparisons of 28 days old Portland cement (Sahu et al., 2004)

2.5.2.2 Capillary Suction
The capillary suction test is an old method used in several countries, in Norway referred
as Pore Filling (PF) method. It can be applied to the irregular concrete pieces by
determining the weight of the concrete after the capillary suction. The PF method was
standardized in Norway at SINTEF and in Finland, it was utilized as SFS 4475/4/ (Jouni
& Sellevold, n.d.). The method was first developed by Vuorinen in 1970 in Finland as a
test to verify the frost resistance of concrete (Rebelo, 2014). PF and capillary suction
method consider a simple method to characterize the pore structure of concrete. These
tests used for the estimation of durability property of concrete as well as the w/c-ratio of
concrete ( Punkki & Sellevold, 1994).
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In the capillary suction test, dried concrete slices are used. The drying temperature
varies from 50 to 105 ºC. The height of the specimen is normally 20 mm because the
small height specimen causes higher variation as compared to the higher specimen.
However, the specimen dimensions should be four times the dimensions of maximum
aggregate size (Punkki & Sellevold, 1994).

The dry specimen was placed in the suction container. With one surface attached to the
water. The specimen absorbed water and gained weight on the scheduled time of four
days as presented in figure 14. The first curve shows that the gel pore and capillary pore
are continuously filled with water and the slowdown of suction after the nick point is
because of the slow filling of interlayer space of cement gel ( Punkki & Sellevold,
1994).

Figure 14 Water absorption diagram ( Punkki, J. & Sellevold, E.J, 1994)

The first linear part of the diagram gives the absorb water content equation

Q = a + k × √ (15)

With the help of regression analysis, Qcap and tcap can be determined. Qcap corresponds
the absorbed water which fills the empty gel and capillary pores, tcap is the
representative time. The capillary number k and the representative number are
determined as follow  Smeplass, S 1988).

k = (16)

m =
 (17)

Where h is the height of the specimen.

The suction process normally takes 4 days. After the suction process, the test specimens
were saturated in an overpressure of 5 to 10 MPa overnight the following weights were
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determined as W1 weight of oven dry, W2 weight after capillary suction and W3 is the
weight after pressure saturation. The volume of the test specimen is determined by
weighing the specimen in air and water (Smeplass. S, 1988).

The porosity can be calculated as:

  =  (18)

=  
−

(19)

=  
−

(20)

The ratio between air and total porosity shows the content of pores which are normally
filled with water. The protective pore ratio defined as

PF = (21)

Fagerlund (1982) found a linear relationship between the resistance number and the
theoretical capillary porosity of the concrete. If the capillary porosity calculated by, the
degree of hydration and the water-cement ratio is defined as (Smeplass, S, 1988).

m = 11 - 22 ·   .  

  .
(22)

Where  is the degree of hydration.

That equation is only useful for wet concrete not for fully dried concrete. Smeplass
(1988) studied the dependence of capillary number and the resistance number of the
dried specimen on the water-binder ratio and silica fume content the relation shown in
figure 15 and 16 (Punkki & Sellevold, 1994).
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Figure 15 Dependence of capillary suction on the water-binder ratio (Punkki & Sellevold,
1994)

Figure 16 Dependence of resistance number on the water-binder ratio  (Punkki & Sellevold,
1994)

When silica fume is not used, the equation for the resistance number is

m = (w/c)-2.105 · 1.448·107 (23)
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When silica fume is used

m = e -4.064×(w/c) · 7.856·108 (24)

In both cases the water-binder ratio at the range of 0.4 to 0.7

The preceding figures and the equations are based on relatively small test series. More
research has been carried out and the dependence of the resistance number on the w/c-
ratio is presented in figure 17 (Punkki & Sellevold, 1994).

Figure 17 dependence of the resistance number on the water-binder ratio (Punkki & Sellevold,
1994)

Punkki analyzed concrete using capillary suction test. Total 10 concrete mixes were
tested, eight of them were carried out using 20mm slices, 6 slices in each test and one
test with 40mm and one with 60mm slice. Two drying methods were used; one is to dry
the specimen at 50 ºC and the other method is to dry the specimen at 105 ºC  (Punkki &
Sellevold, 1994).

The volume of the test specimen was measured both before and after the test. The
specimen that dried at 105 ºC had an average volume expression of 5.1% whereas the
specimen that dried at 50 ºC had an average expansion of 0.6 % that is due to the
cracking of specimen dried at 105 ºC ( Punkki & Sellevold, 1994).

The summary of the capillary suction test is as follows:

1. A sample of 50 mm diameter of hardened concrete.
2. Cut the sample at the thickness of 20 to 40 mm.
3. Dry at 105 ºC.
4. Measure the dry mass.
5. Put the sample underwater for 4 days.
6. Measure sample saturated surface dry mass.
7. Measure suspended mass
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3 Experimental Measurement of water/cement-ratio

3.1 Material and Mix Design
3.1.1 Aggregates
Six different types of aggregates were used in the concrete mix design. The filler and 8-
16 mm size aggregates were ordered from Parma and fine aggregates were obtained
from Saint Gobab Weber. The specifications of the aggregates are shown in the table 4.
The coarse aggregates used in the concrete mix design were washed first to remove the
dust particles which interfere the bonding process with cement particles. Once the
aggregates were washed after that they were dried in the oven.

Table 4 Aggregate fraction used in concrete mix design

    Aggregates                  Diameter Moisture content %

Coarse gravel 08 – 16 0

Gravel 05 - 10
02 – 05

0
0

Fine aggregates 01 - 02
0.5 - 1.2
0.1 - 0.6

0
0
0

Filler - 0

3.1.2 Cement
The tests in this thesis were performed using plus cement manufactured by Finnsementti
Oy. Plus cement is a very common cement in Finland which is used at a big scale in
construction industry. The chemical composition of Plus cement is shown in table 5 and
physical properties is shown in table 6.

Table 5 Finnsementi chemical composition

Chemical Percent
SiO2 21
AL2O3 5.2
CaO 64
Fe2O3 3
MgO 2.7



26

Table 6 Physical properties of the cement components

Physical properties      Plus cement

1 day strength 15 MPa

7 days strength 39 MPa

28 days strength 49 MPa

Initial setting time 150 – 210 min

Blaine 420 - 470 m2/kg

3.1.3 Admixture
Admixture is a chemical substance that is used in the concrete during mixing. The
recommended dosages were used in this experiment. The amount of dosage can be seen
in Appendix 1 of mix design. The admixtures were kept in the room temperature.

Table 7Admixture used in the concrete mix design

Admixture code Manufacture Recommended
dosage

Density (kg/m3)

Ilma-Parmix Finnsementti Oy 0.05% - 0.1% 1.02

VB-Parmix Finnsementti Oy 0.5% -1.0% 1.03

3.1.4 Water
Water is one of the important ingredients used in the concrete. The water used in the
concrete batch was a drinking water and it was taken from the Espoo city water.

3.2 Mix Design
Three concrete samples with different water/cement-ratio were casted in this thesis. The
mix design of concrete for different w/c-ratio has same type of cement, aggregates and
admixture. The aggregates used in the lab are different as compared to the aggregates
used in the construction industry so lab aggregates required less water. The concrete
design is divided into following categories:

· Type of cement
· The maximum aggregate size
· Water/cement-ratio used in concrete
· Air content

PL-16-0.4-A10
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Absolute volume equation used in this research study for all the concrete design.

+ + + + = 1 (25)

Where: W is the weight of the material (kg)

 is the density of the material (kg/m3)

 Air is the volume of the air (m3).

The amount of superplasticizer and air entraining agent for targeted slump and air were
decided by the test series. Table 8 present the mixture design of PL-16-0.4-A10.

Table 8 Composition of PL-16-0.4-A10 mix design

Materials Amount (kg/m3) Portion

Cement (kg/m3) 400 -

Water (kg/m3) 160 -

Aggregate (kg/m3)
Filler 126 7%

                     R 0.1/0.6 158 9%

                     R 0.5/1.5 210 12%

                     R 1.0/2.0 246 14%

                     R 2.0/5.0 281 16%

                       R 5.0/10.0 351 20%

                       R 8.0/16.0 386 22%

                        All (kg/m3) 1758 100%

Superplasticizer - 0.9 %

Air content - 0.004 %
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Table 9 The composition of concrete mix design

Concrete
design code

Cement
(kg/m3)

Effective
Water
(kg/m3)

Aggregate
(kg/m3)

AEA/C SP/C

PL-16-0.4-A2 400 160 1838 - 1.2 %

PL-16-0.4-A5 400 160 1761 0.004 % 0.9 %

PL-16-0.4-A10 400 160 1631 0.05% 0.5 %

PL-16-0.5-A2 320 160 1911 - 0.87%

PL-16-0.5-A5 320 160 1833 0.0034 % 0.6 %

PL-16-0.5-A10 320 160 1720 0.05 % 0.05 %

PL-16-0.6-A2 300 180 1877 - 0.6 %

PL-16-0.6-A5 300 180 1801 0.003 % 0.12 %

PL-16-0.6-A10 300 180 1668 0.054 % -

3.3 Fresh Concrete Test Method
The pressure method was used to measure the air content of fresh concrete. The
European standard method was used to measure the air content which is SFS-EN-
12350-7 “Testing fresh concrete. Part 7: Air content Pressure method”

Figure 18 Equipment used in air content and slump test

Workability of concrete was measured using the slump test. Experiments were carried
out with S3 consistency class. The workability was measured using SFS-EN12350-2
standard “Testing fresh concrete. Part 2: Slump test”.
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3.4 Mixer and Mixing Procedure
Two concrete mixing machines were used in this experiment; a small 35 litre mixer and
the large 120 litre mixer. The smaller mixture was used for the trail version to become
familiar with the design and the testing procedure. After finalizing and optimizing the
design batch, size was increased and allow casting the concrete in the large mixer.

 Hydro-mix was installed in the bigger mixer as shown in figure 19 and figure 20. The
sensor was installed inside to the stationary wall of the pan, to measure the moisture
content in the concrete during mixing. The sensors work on the microwave radiation
concept. The only moving part in the mixer are paddles, which rotate about 60 times per
minutes.

The mixing process divided in to five steps:

Step 1: Add all the coarse aggregates in the bigger mixer from 2-5 to 8-16 and
then add the cement, then the fine aggregates and the sand, mix the mixer
for 30 second.

Step 2: Add 80% of water in the mixer and mix it for 30 second.

Step 3: Add 10% of water with the air-entering agent and mix it for 30 second.

Step 4: Add 10% of water with super-plasticizer and continue mixing for 30
second.

Step 5: Mix the concrete for 3 minutes 30 second and make sure that the
concrete is properly mixed.
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4 Experimental Program

The usual way to measure the w/c-ratio of fresh concrete is to take the amount of water
and cement from the mix design. The estimated result of that w/c-ratio is not accurate
most of the time because of the negligent of moisture content in the aggregates, or
addition of unwanted water in the construction site. Therefore, other techniques are
required to determine the w/c-ratio during mixing or after mixing which will improve
the quality of concrete.

4.1 Hydro-mix Moisture Sensor
The hydro-mix is used to measure the moisture content of fresh concrete in real-time
directly from the mixer. Hydro-mix monitored moisture in the concrete mixture based
on the principle of microwave energy. The system consists of two things; a sensor and a
PC for collecting the data. The sensor installed directly to the stationary pan mixer as
shown in the figure 19.

The sensor radiates a low power field of microwave energy into concrete and it detects
the energy absorbed in the concrete particles. The sensor is used in the concrete mixer to
measures the moisture changes during the mixing time, each concrete components e.g.
cement aggregate and air has a unique set of electromagnetic properties (Hu, 2005)

    Figure 19 Hydro-mix probe install outside             Figure 20 Surface of hydro-mix   probe

4.1.1 Measuring technique
Hydro-mix is an innovative digital microwave measuring technique whereby the
frequency shift  component could be accurately measured. Before hydro-mix digital
innovation an analogue microwave sensor were used to measure the moisture content
through a combination of frequency shift. Based on a single analogue a combination
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was derived in which the frequency shift and attenuation could not be separated
(Hydronix-view, 2018).

Figure 21 Moisture causes a change in the dielectric property of the material (Hydronix-view,
2018)

Less advanced sensors will limit the measurements by bringing change in amplitude at a
fixed frequency. Therefore sensor with frequent frequency range gives exact results as
compare to those sensors that works in a confines of a single frequency. The
demonstration of the sensor that measure a frequency shift as opposed to a change in
amplitude at a fixed frequency is shown in figure 22.

Figure 22 Difference between a digital multi-frequency measurement and analogue
measurement at a fixed frequency (Hydronix-view, 2018)

As the dampness increase the frequency shifts from f1 to f2, f3 then f4. The frequency
shift between every analogous is similar in magnitude. A device with a digital activity
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technique can regularly scan the frequency response and can track the equal changes in
frequency because the material becomes wetter.

For the identical dampness changes, single frequency device merely estimates the
modification within the amplitude at frequency f1 can measure the changes from A1 to
A2, A3 than A4. The device frequently loses the power to register a modification in
reading because the material becomes wetter. Typically hydro-mix has a capacity to
measure the additional change in the moisture up to 12 % (Hydronix-view, 2018).

4.1.2 Measuring Principle
Hydro-mix microwave sensor works on the principle of microwave radiation concept.
Each material has unique electrical properties. Moisture in the material varies, the
sensor detect the change and the unscaled value is adjusted accordingly. Every material
have a different electrical property, therefore the unscaled value at certain moisture will
result a different response for each material.

The raw unscaled reading is measured 25 times per second and it contains a high level
of noise due to irregularities such as mix paddles or screw pass over the sensor and
affect the reading. Signal requires filter to make it useable for moisture control and
provide a smooth output with rapid response.

Figure 23 Raw signal during mix design (Hydro-mix software)

The raw unscaled data measured from the sensors during the mix cycle indicates the
large peaks as shown in figure 23. After applying filter on the same data, raw unscaled
will remove the peaks and trough caused by the signals. Figure 24 shows the effect of
the following filter settings:
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Slew-rate +       =      light

Slew-rate -        =      light

Filtering time    =     7.5 seconds

    Figure 24 Filtered unscaled value during mixing (Hydro-mix software)

4.1.3 Calibration
Calibration is a process to define the relationship of sensor response with the change in
the moisture content of the material. In calibration, process concrete PL-16-0.5-A2 was
used. However, water is adjusted with respect to the w/c-ratio of 0.4, 0.5 and 0.6.

To create a calibration point, the materials were added in the mixer. The materials
(aggregates and cement) cause an increase in the unscaled value. The aggregates used in
this calibration were dry and kept at the room temperature so there was no moisture in
the aggregates. The mixer was started after loading the dry aggregates after 30 seconds,
water and admixtures were added in the mixer and continued mixing until all the
material in the mixer are homogenously mixed, the mixer was stopped after 3 minutes.
The probe sensor gave the stable unscaled value and the moisture value. To create the
second calibration point the mixer was started again and the set amount of water was
added in the mixer and mixed it for one minute and 30 seconds. The same procedure
was done to get the third calibration point. The calibration data of the hydro-mix is
shown in figure 25.
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   Figure 25 A typical Calibration line for Hydro-mix moisture measurement

4.2 SONO-WZ water/cement Analyser for Fresh Concrete
4.2.1 Measuring Principle
SONO-WZ is a portable measuring device, which displays the measuring result. It is
used to determine the moisture content of fresh concrete on site. It works with the Time
domain reflectometry-Trime (TDR-Trime) method based on radar technology.

Time domain reflectometry (TDR) has established a reliable and easy method to
measure the moisture content of concrete. TDR is based on the velocity or transit time
measurement of an electromagnetic wave in the material sample (Imko, 2015).

=
√ . (26)

Where: co is the light of speed (3.108 m/s)

εr is dielectric constant

µr is magnetic parameter which set as 1

The transit time c depends on the dielectric parameter and in order to measure the
dielectric parameter, the velocity of electromagnetic waves must be measured.

TDR probe produces parallel wave, which reflects at the end of the rod and runs back to
its main source. The transit distance allows to convert the velocity measurement to a
transit time measurement. The equation is shown below (Imko, 2015).

y = 0,192x - 4,801
R² = 1
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c = 2l/t (27)

Where; 2l is the length radar line (back and forth)

t is the time duration

4.2.2 Apparatus
Apparatus used in the SONO-WZ calculation are described below:

· Plastic bucket
· SONO-WZ probe
· Air pressure device to measure the density
· Measuring scale

4.2.3 Procedure
The procedure to determine the moisture percent of fresh concrete with SONO-WZ is
described below:

1. The probe head SONO-WZ was attached to the portable measuring device
SONO-DIS.

2. The plastic bucket was used in this method because the electromagnetic field is
higher at the surface of probe.

3. The bucket was filled with fresh concrete with the minimum volume of 5 litres
so that the height of the bucket is 30mm height than the probe length.

4. The pressure method was used to measure the density of the fresh concrete.
5. The density value was set in the SONO-DIS device.
6. The character attribute was set according to the sieve test. The system offer four

different possibilities which can be entered in CHAR parameter. In this research,
the CHAR parameter was set to normal B. The available possibilities of CHAR
parameter is shown in figure 26.

Figure 26 Characteristics attributes to adjust the sieve curve of the aggregates (Sono-view,
2017)
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· fine C curve is for the concrete which contains more fine aggregates as
well as a high quantity of cement.

· normal B curve is for the well graded sieve curve.
· coarse A curve is for  the concrete which contains more coarse

aggregates
· coarse U curve is for the gap graded recipes e.g the mix design which

contain much amount of chemical admixtures.
7. General-set value was set according to the calculation protocol so that the

SONO-DIS shows the adjusted or non-adjusted value of the water content. The
instrument detects about 1/3 of the core water. The G-Set value in the
experiment is set to zero to keep everything constant.

Figure 27 Adjusting the base parameter in the SONO-DIS (Sono-view, 2017)

8. The probe head was placed inside the concrete with a slight angle so that the rest
of the probe leans to the bucket wall.

9. Total five readings were taken from different sides of the bucket to calculate the
average water content. After inserting the probe into the concrete, the bucket
was knocked 3 times so that the concrete lies close to the ceramic surface of the
probe. As shown in figure 28.

Figure 28 Procedure for making multiple measurement  in the bucket (Sono-view, 2017)
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10. Standard deviation shows the accuracy in the SONO-DIS. In this thesis the
standard deviation vales was 0-0.2 which shows that the concrete was
homogeneous. The measurement mode display of SONO-DIS after readings is
shown in figure 29.

Figure 29 Measurement display screen in SONO-DIS (Sono-view, 2017)

4.3 Microwave Oven Water Content Test
Currently there is no finalized ASTM standard for this test, therefore (AASHTO)
method was used in this thesis however, some changes has been done in AASHTO
method. The procedure and the apparatus used in this process are outlined below.

Before starting the microwave oven test on concrete a material test was performed. The
material test was performed on the coarse aggregates to check the absorption amount in
them. Aggregates have two types of water: free water and absorbed water. Figure 30
shows four different state of absorption water. Moreover Finnish standard recognize
only two states oven dry and saturated surface dry (SSD). The difference between these
two states is the entrapped air and pore filling.

Figure 30 Difference between oven dry and SSD dry aggregates (Virtanen, 2010)

The coarse aggregates were taken in a container and weight in the weight scale. The
weight of coarse aggregates was 757.9g afterward the container was filled with water.
After 24 hours, the pores were filled with water and there was not any entrapped air left.
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After 24 hours water was drained and aggregates were dried with the help of tissue
paper. The wet weight was about 786g which shows that aggregated absorbed 3.7%
water. The Samsung microwave oven was used to dry the aggregates at 850Watt power.
The drying time of 786g of aggregates was 5, 10 and 15 minutes. After 15 minutes, the
concrete was dried as we can see in figures, figure 31 shows the wet aggregates after
water drainage and figure 32 shows the dry aggregates.

Figure 31 Aggregates after drained water          Figure 32 Aggregates after 15 minutes drying

The weight is recorded to determine the moisture absorption of aggregates. As shown in
table 10

 Experiment test to determine the absorption of moisture by aggregates

Aggregates Weight (g) Difference (g)
(wet-dry)

Moisture %

Dry 757.9 - -

Wet 786.0 28.1 3.7%

5 min dry 776.6 18.4 2.4%

10 min dry 767.6 6.7 0.8%

15 min. dry 761.8 3.9 0.5%

The moisture content calculated with the equation below

Moisture content =     

 
 ·100 % (28)

The moisture content which aggregates absorb was 0.5% which was acceptable because
in the mix design 0,4% moisture absorption was used which mean that microwave also
evaporates the absorbed moisture from the aggregates.
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4.3.1 Apparatus and materials
Apparatus and the materials used in the microwave oven test are below:

· Microwave oven : 1200 Watt with glass turntable
· Microwave safe aluminium tray
· Balance: sensitive to within 0.1g
· Metallic scoop for sampling fresh concrete
· Microwave gloves

4.3.2 Procedure
The procedure of the microwave oven test is at follow:

1. Initially, the aluminum plate is measured (weighted) and recorded as the tare
weight as shown in figure 33.

Figure 33 Measuring scale and aluminium tray

2. Three samples of approximately 600 g of fresh concrete were weighed into the
plate. In addition, attention was paid in taken the sample because a small
mistake in the handling the concrete paste affects the final measurements.

3. The sample was covered with the paper board. The paper board helps to avoid
any water loss due to evaporation.

4. Three samples with the fresh concrete were placed into the microwave oven.
5. In the beginning, the microwave oven was started at a power of 850 Watt for 5

minutes.

Figure 34 Samples placed in Samsung microwave oven
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6. One sample was taken out from the microwave oven and it was started again for
another 5 minutes.

7. The weight of the first sample was measured and special attention was paid to
avoid any loss of material.

8. After another 5 minutes, another sample was taken out from the microwave, the
weight of the sample was measured and the microwave was started again for
another 5 min, the figure below shows the three concrete samples before drying
and after drying.

Figure 35 Three concrete sample before drying

Figure 36 Concrete sample after microwave oven dry

9. In figure 36 the first concrete sample was taken out from the microwave oven
after 5 minutes. The concrete after 5 minutes is still wet. The second sample was
taken out after 10 minutes, the surface of that concrete was dry however, it was
still wet from the middle. The third sample was taken out after 15 minutes the
concrete was fully dried and it lose it strength after 15 minutes.

4.3.3 Calculation
The initial weight of the fresh concrete sample (WF) can be calculated by subtracting
the total weight of fresh concrete (WS) and try by the mass of aluminum tray (WT).

WF = WS – WT (29)

The total water/content of the concrete sample ( ) is the mass of all the water
evaporated during the drying process.

 = WS – WD (30)

Where WD is the mass of the final dried concrete sample.
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Total w/c-ratio was calculated based on AASHTO standard method however, in this
thesis the drying microwave oven power and experiment procedure was different.

/ =
 

(31)

Where:   the volume of the concrete sample (dm³),

Qcem is the mix design weight of cement (kg).

4.4 Capillary Suction Test
The capillary suction test was performed after 28 days when the concrete gained his
strength. The capillary suction test, gives information about the capillary porosity of
concrete therefore, the w/c-ratio of hardened concrete can be determined. The test
specimen is a circular disk with the diameter of 100 ± 2 mm with the thickness of 20 ± 2
mm. To get a better result, four specimens of each concrete sample were used. The
procedure and the apparatus used in this process are outline below.

4.4.1 Apparatus
The apparatus used in the capillary suction test are:

· Concrete drilling machine to drill a concrete block
· Concrete core device with 100 mm diamond core drill bit.
· Oven to dry a drill core
· Water suspension mass device
· Scale to measure the weight of the specimen

4.4.2 Procedure
The procedure of capillary suction test is at follow;

1. The concrete sample is retrieved from the water tank after 25 days.
2. Drill core was used to drill the concrete slab. All the drilled samples were

properly labelled as shown in figure 37.

Figure 37 Properly labelled concrete slab     Figure 38 Drilled concrete slab
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3. The height of the drilled core was 150 mm with the dimension of 97,5 mm.
4. After drilling the core were sawn and the top part of the core was cut with the

height of 10 mm and it was discharged. Four samples from each concrete were
used with the height of 20mm

Figure 39 Concrete core cutting

5. The specimens were placed in the oven at a temperature of 105 degrees for a
period of 24 ± 2 hours. The drying was controlled until constant weight was
achieved. Specimens were taken from the oven and cooled for 24 ± 2 hour in
airtight container.

Figure 40 Samples are placed in oven for oven dry

6. After 24 hours, the weight of the specimen were measured at room temperature
(Wdry).

7. The specimen were placed in the water tank. The bottom side of the specimen
was immersed in water up to a maximum depth of 3 millimetre as shown in
figure 41. The level of water was kept constant during the duration of test.
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Figure 41 Experiment setup for capillary suction

8. The uptake of water by capillary absorption was measured through the weight of
the specimens m(t) at time intervals of:

o 10 min (± 2 min)à W10min
o 30 min (± 2 min)à W30min
o 60 min (± 2 min)à W60min
o 1 h (± 5 min)à W1h
o 2 h (± 5 min)à W2h
o 3 h (±5 min)à W3h
o 1 d (± 2h)à W1d
o 2 d (± 2h)à W2d
o 3 d (± 2h)à W3d

9. Before weighing, the surface in contact with water was wiped with a moist
sponge in order to remove free water.

4.4.3 Calculation
The capillary absorption curve is divided into two parts; the initial and secondary
absorption. The initial absorption, the capillary pores were filled and at the nick point
the absorption reaches at the top of the rest of the specimen. The secondary absorption
is the  filling of the rest of the pores. However, the second linear part, the absorbed
water content is related to the volume of the specimen. The initial absorption point was
measured up to three hours.

= · + (32)

Where: C1 is the value of the intersection between Y-axis and the initial
absorption line, (kg/m²)

S1 is the slope of the initial absorption line (kg/(m².s0.5))

=
−
− (33)
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The secondary absorption point measured after 1 day

= ∗ + (34)

Where: C2 is the value of the intersection between Y-axis and the secondary
absorption line, (kg/m²)

S2 is the slope of the secondary absorption (diffusion) line, (kg/(m².s0.5))

=
−
− (35)

Figure 42 Capillary suction of PL-16-0.4-A5

The resistance number (m) and the capillary coefficient (k) are the quality parameters
gathered from the capillary suction test. Both correlate with w/c ratio of concrete.
However, the capillary coefficient is also dependent on the volume of the cement paste
and therefore the resistance number is considered as a better parameter for evaluating
the concrete quality.

=
−

=
−

(36)

=
(37)

=
ℎ (38)
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Where: k = the capillary coefficient, (kg/(m² s0.5))

m = the resistance number, (s/m²)

tcap = the turning point time (the time for absorbed water content which
is needed to fill the gel and capillary pores) (s)

h = the height of test specimen (m)

Water/cement-ratio is estimated with the help of resistance number. The reference
concretes are tested with different w/c ratio and different air content and the test results
are compared with the reference concretes.

=
.

· 1.448 · 10 (39)

=
1.448 · 10

.

(40)

The mathematical equation between the resistance number and w/c-ratio is based on
theoretical calculations and some test results. However, the accuracy of the equations
might not be very good and therefore the use of reference concretes is recommended.

4.5 Compressive Strength Test
Compressive strength test is carried out according to European standard BS EN 12390-
3:2009. Compressive strength of test specimen using 100×100×100 mm3 cubes. Three
specimens were used for each concrete. To compare the result with 150mm cube the
results were divided by 1.03. The fresh concrete moulds were kept in the mould and
covered with plastic for one day. After demoulding the specimen were kept in the moist
room. The compressive strength was performed after 7 and 28 days, three cube
specimen were used for each concrete.

Figure 43 Compressive strength test machine
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5 Results and Analysis

Results of different techniques used in measuring w/c-ratio are shown in this chapter
with analysis. Results and analysis is divided in to four parts:

1. The results of the traditional methods are shown in the first part. Slump and air
pressure methods are used for the determination of consistency class of the
concrete and air content of the concrete.

2. Results and analysis of the three methods (Hydro-mix, SONO-WZ, microwave
oven) used to measure the w/c-ratio of fresh concrete is shown in second part.

3. Result and analysis of capillary suction used to measure the w/c-ratio of
hardened concrete is shown in part three.

4. Result of compressive strength is shown in part four.

5.1 Fresh Concrete Test
5.1.1 Workability of fresh concrete
The workability of the concrete was measured using slump. The consistency of the
concrete was adjusted so that the particular workability was achieved immediately after
mixing. The S3 consistency class was used in this thesis. The workability of the PL-16-
0.6-@A10 was higher than the consistency class because it was slightly segregated
however there wasn’t any superplasticizer used in this concrete. The workability of the
concrete shown in figure 44.

Figure 44 Workability of concrete
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5.1.2 Air content in fresh concrete
The air pressure method was used to measure the air content of fresh concrete. The test
was performed immediately after mixing. The value of the pressure method is shown in
figure 45. The air content of PL-16-0.6@A2 was higher than the recommended amount
however, there was not any AEA in that batch.

Figure 45 Air content of fresh concrete using pressure method

5.2 Measurement of w/c-ratio from Fresh Concrete
5.2.1 Hydro-mix Moisture Sensor
Nine concrete were casted to determine the w/c-ratio of concrete with different test
methods. Hydro-mix is used to measure the moisture content of fresh concrete in real-
time in mixer. The calibration was done in the beginning as described in 4.1.3 section,
which was uploaded in the hydro-mix software. The unscaled value was gathered from
the software while mixing and moisture content was calculated based on the calibration
equation the calibration equation is given below:

Y = 0.192·x - 4.801 (41)

Moisture content = unscaled value·(0.192+(-4.801)) (42)

Equation 42 is used to measure the moisture content of all the concrete. The unscaled
value obtained from the hydro-mix and measure moisture content is shown in table 11.
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Table 10 Unscaled and moisture content value calculated from the result of hydro-mix moisture
sensor

Concrete design
code

Unscaled
value

Moisture
content based
on hydro-mix

Measured w/c-
ratio

PL-16-0.4-A2 67.75 8.21 0.49

PL-16-0.4-A5 66.54 7.97 0.46

PL-16-0.4-A10 65.25 7.73 0.42

PL-16-0.5-A2 65.55 7.78 0.58

PL-16-0.5-A5 64.50 7.58 0.55

PL-16-0.5-A10 64.50 7.58 0.52

PL-16-0.6-A2 67.64 8.19 0.64

PL-16-0.6-A5 64.71 7.62 0.58

PL-16-0.6-A10 66.37 7.94 0.57

Water/cement-ratio of nine concrete were determined based on the measured moisture
content with the help of hydro-mix. In this thesis calibration was done with PL-0.5-A2
concrete to examine the effect of concrete properties.

In figure 46 the X-axis indicate the total w/c-ratio which is used in mix design and Y-
axis indicate the calculated amount of w/c-ratio with the help of calibration equation.
Hydro-mix gave the moisture content of fresh concrete and w/c-ratio is calculated based
on the moisture content.

Figure 46 Result of measured w/c-ratio using hydro-mix
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In figure 46 concrete with higher air content 9–10% has better result as compare to the
concrete with lower air content 2–4% however, concrete with w/c-ratio 0.6 has different
results as compare to other concretes. It can be seen that hydro-mix underestimate the
0.6 w/c-ratio concrete results, low air content (2%) has good result and increase the
amount of air cause decrease in measured value. That might be because the concrete
with high w/c ratio is more homogeneous as compare to other concretes.

To examine error in the hydro-mix calculation the figure 47 are presented the error is
shown on the Y-axis and total w/c-ratio is shown in X-axis.

Figure 47 Analysis of measuring error (difference between actual and measured value) with the
total w/c-ratio of nine concrete.

The test performed in this thesis were limited so it is not possible to conclude the exact
cause of error however further analysis was done to determine the cause of error. Figure
47 shows the error of hydro-mix probe test. The error is the difference between the
actual and measured value. The graph shows that the maximum error in concrete with
the w/c ratio of 0.4 is 0.08, which is more as compare to the other concretes. The
maximum difference in 0.5 w/c ratio concrete is 0.06 and in concrete with the w/c ratio
of 0.6 is 0.05

In order to examine the cause of error in the hydro-mix calculation the figure 48 is
presented, error is shown on the Y-axis and the investigation parameters are shown in
X-axis.
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Figure 48 Analysis of measuring error (difference between actual and measured value) with air
content

It can be seen that the air content have an impact on the error as we can notice the
concrete with air content less than 4% have significant error. The PL-0.6-A2 concrete is
different it has same moisture content as PL-0.4-A2 but less cement which make it more
homogenous.

5.2.2 SONO-WZ w/c analyser for fresh concrete
SONO-WZ measurement was performed within five minutes after mixing. This
experiment was performed on all the nine concretes. SONO-WZ gives the value of free
water content in the concrete, as well as the water in the aggregates and also the amount
chemical admixture. The chemical admixtures behave as a moisture in the SONO-WZ
so it should be removed from the moisture content. To calculate the total moisture
content the equation 43 is used.

= +
1
3

− (43)

The density and measure water content of each concrete is shown in table 12.
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Table 11 Measured density and the moisture content

Concrete code Density (kg/m3) Moisture content
(kg/m3)

Measured w/c-ratio
(-)

PL-16-0.4-A2 2392 183 0.46

PL-16-0.4-A5 2305 181 0.45

PL-16-0.4-A10 2200 202 0.51

PL-16-0.5-A2 2401 177 0.56

PL-16-0.5-A5 2245 177 0.55

PL-16-0.5-A10 2132 196 0.61

PL-16-0.6-A2 2314 185 0.62

PL-16-0.6-A5 2245 191 0.64

PL-16-0.6-A10 2160 205 0.69

SONO-WZ w/c-ratio measurement of each concrete is calculated based on the measured
moisture content. Figure 49 shows the result of SONO-WZ calculations. The X-axis
represent the total water/cement-ratio and Y-axis represent the measured SONO-WZ
w/c of fresh concrete.

Figure 49 Determination of w/c ratio with SONO-WZ

It is shown in figure 49 that the measured values are close to the actual value especially
in concrete with the w/c-ratio of 0.6. The only variation is in the concrete with higher air
content 9–10%. It assumed that the SONO-WZ is not a suitable device for the 9–10%
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air content concrete that is because the air gaps in the high air content concrete which
effect the flow of dielectric current.

In order to do a detail investigation to find the cause of error in the calculations.
Following figures help to explore error. The Y-axis represent the error (difference
between measured and total w/c-ratio) and the X-axis will be the investigated cause of
error.

Figure 50 Analysis of measuring error (difference between actual and measured value) with
total w/c-ratio of nine concrete.

If the concrete with the higher air content would be neglected in figure 50 and
investigate the cause of concrete with normal air content. It can be noticed that the
concrete with 0.4 w/c-ratio has more error as compare to the 0.6 w/c-ratio. The error in
the concrete with w/c-ratio of 0.4 is 0.04, in 0.5 the error is 0.03 and the concrete with
the w/c ratio of 0.6 has better results it has error of 0.01. It is assumed that that SONO-
WZ shows reliable results with high w/c-ratio.
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Figure 51 Analysis of measuring error (difference between actual and measured value) with air
content of nine concrete.

The graph shows that SONO-WZ give good results with high w/c-ratio therefore
decreasing the amount of w/c ratio cause increase in error. Furthermore the air content
have a great impact on the SONO-WZ value, increase the amount of air cause the
increase in error so it shows that air void have a great impact on the SONO-WZ
calculation. That is because air has low dielectric constant therefore TDR could
considerably higher the actual moisture.
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5.2.3 Microwave oven
Microwave oven test is performed within 5–10 minutes after mixing. The result of the
microwave oven test is shown in table 13.

Table 12  Result of moisture content and mass loss after drying

Concrete Sample Weight of
sample
before
drying (g)

Weight of
sample after
drying (g)

Mass loss
(g)

Water
content
kg/m3

PL-16-0.4-A2 5 minute 608.8 603.2 5.6 19

10 minute 615.2 588.4 26.8 103
15 minute 623.7 581.1 42.6 163

PL-16-0.4-A5 5 minute 604.9 599.8 5.1 16
10 minute 622.4 596.1 26.3 96
15 minute 618.6 576.9 41.7 156

PL-16-0.4-A10 5 minute 636.1 630.6 5.5 16
10 minute 605.8 579.2 26.6 95

15 minute 616.0 573.0 43.0 152

PL-16-0.5-A2 5 minute 629.0 623.3 5.7 19
10 minute 609.0 580.6 28.4 113

15 minute 622.1 582.0 40.1 158

PL-16-0.5-A5 5 minute 606.6 598.9 7.7 17

10 minute 606.6 568.9 37.7 141
15 minute 606.6 566.2 40.4 153

PL-16-0.5-A10 5 minute 650.0 643.9 6.1 17
10 minute 607.0 573.3 33.7 119
15 minute 627.1 584.8 42.3 146

PL-16-0.6-A2 5 minute 638.8 633.5 5.3 16
10 minute 675.1 645.2 29.9 103

15 minute 629.2 584.2 45.7 168

PL-16-0.6-A5 5 minute 610.3 605.4 4.9 15
10 minute 611.6 580.3 31.3 115

15 minute 637.5 589.4 48.1 171

PL-16-0.6-A10 5 minute 632.2 627.6 4.6 13

10 minute 626.7 593.7 33.0 111

15 minute 629.1 577.4 51.7 175
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Based on table 14 the moisture content after 15 minutes was used to measure the w/c-
ratio. The X-axis shows the w/c-ratio obtained from the mix design and Y-axis shows
the measured w/c-ratio of fresh concrete with the help of microwave oven.

Figure 52 Analysis of microwave oven calculation with total w/c ratio

Figure 52 shows that the w/c-ratio measured with microwave oven has lower value than
actual w/c ratio it is because there is still some trapped moisture in the sample. Default
calculation are used to measure the w/c-ratio to see what effects the measurements and
results. The trapped moisture can be avoided by using cement coefficient value and
microwave drying coefficient value, which will improve the measurements.

Figure 53 illustrate the error with respect to total w/c ratio. As we can see that concrete
with less air content has better value as compare of the concrete with higher air content
it is because of the air void in the concrete sample.

Figure 53 Analysis of measuring error (difference between actual and measured value) with
total w/c-ratio of nine concrete
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It can be seen that the concrete with the w/c-ratio of 0.4 has less error as compared to
the concrete with w/c-ratio 0.5 and 0.6. Concrete with w/c-ratio 0.6 have different
impact on the error as compared to other concrete.

Figure 54 is used to examine the cause of error in microwave oven calculation. The
error is shown on Y-axis and the cause of error are shown on X-axis

Figure 54 Analysis of measuring error (difference between actual and measured value) with air
content of nine concrete.

In figure 54 concrete with different w/c are shown separately. The blue colour represent
the concrete with the w/c-ratio of 0.4, orange colour shows the concrete with w/c-ratio
of 0.5 and grey shows w/c-ratio of 0.6 concrete. Figure 54 shows that increase the
amount of air content cause and increase in error however, the concrete with the w/c
ratio of 0.6 behave differently. In 0.6 w/c-ratio concrete, the error decreases with the
increase in air content. It might be because some chemical reaction are taking place
because of high temperature. It is assumed that the concrete PL-0.6-A10 was slightly
segregated which has an effect on its moisture evaporation.

It can be seen that the concretes with air content in between 5–7% have the have the
difference of error of 0.04 between each other. The difference of error at the air content
in between 2–4% is higher.

5.2.4 Comparison of different w/c-ratio measuring methods
The comparison of different test method to determine the w/c ratio of fresh concrete is
shown in figure 55. The X-axis shows the total w/c-ratio and Y-axis shows the
measured w/c-ratio with different methods used in the thesis. Total w/c-ratio is known
value taken from the mix design. Therefore, the result are shows the measurement of
accuracy of the test methods.
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Figure 55 comparison of measure value of SONO-WZ, hydro-mix and microwave with total
w/c-ratio

It can be seen that microwave oven method shows good results as compare to other
methods however, measured w/c-ratio with different method is close to total w/c-ratio.
It can be seen that all methods behave differently with different concrete. Hydro-mix
shows better result with 10% air content concrete however, SONO-WZ shows not
acceptable results with 10% air content concrete because air has low dielectric constant
so SONO-WZ misread the water content of concrete with air content of more than 8%.
Microwave shows less w/c-ratio from actual value that because there is still some
moisture left in the sample, which require more time to evaporate.

Figure 56Analysis the comparison of error (difference between actual and measured w/c
value) with total w/c ratio

In figure 56 that in hydro-mix measured w/c-ratio values, there is a big gap of error with
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concrete with w/c-ratio 0.6 has different result. It is because concrete with 0.6 w/c-ratio
has more water and less cement as compare to other concretes which make it more
homogenous so that is why Hydro-mix behave different for that concrete.

SONO-WZ and microwave oven method shows the same behaviour with all the
concretes. It is assumed that SONO-WZ is give result within 3 minutes as compared to
microwave oven test methods, which is time affective, also save energy and other
resources.

Figure 57 Analysis of error of three experimental values (difference between actual and
measured w/c value) with air content.

Figure 57 shows that the one of the cause of error in all the test method is air content.
All the test methods behave differently this is because high air content has more air void
which has impact on the dielectric constant therefore SONO-WZ is not able to measure
the actual w/c-ratio. However, hydro-mix gives better result with 10% air content.

5.3 Determination of w/c ratio from Hardened concrete
Concrete were casted in the blocks with the dimension of 500.500.150 and were drilled
afterword. Nine cores were used in this experiment one from each concrete. Capillary
suction test was used to determine the w/c-ratio of hardened concrete.

5.3.1 Capillary Suction
36 samples have been used in the experiment, four sample from each concrete. 105°C
temperature is used to dry the concrete disk. It believed that high temperature cause
cracking in the concrete, which effect the moisture absorption. The capillary suction
curve of dried disk is shown in appendix 4. The result of resistance number, capillary
absorption with respect to time and the concrete code is shown in table 14.
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Table 13 Result of the capillary suction and determined w/c-ratio of the concrete

Concrete code tcap (√sec) k
(10-2.kg/m2√sec)

m 107 m/s2 Measured
w/c-ratio

PL-16-0.4-A2 132 1.61 4.30 0.58

PL-16-0.4-A5 129 1.69 3.98 0.62

PL-16-0.4-A10 127 1.73 3.87 0.62

PL-16-0.5-A2 109 2.15 3.19 0.65

PL-16-0.5-A5 114 1.92 3.23 0.67

PL-16-0.5-A10 118 1.85 3.38 0.68

PL-16-0.6-A2 104 2.41 2.66 0.73

PL-16-0.6-A5 100 2.34 2.58 0.73

PL-16-0.6-A10 103 2.47 2.62 0.73

Figure 58 is based on the calculation and the absorption of capillary pores. The X-axis
shows the effective w/c-ratio used in the mix design and Y axis shows “m” is the
resistance number. Higher w/c ratio in concrete mixture increase the pore percentage,
which leads to an increase of the water absorption rate.

Figure 58 Analysis of the dependence of resistance number on w/c-ratio

The drying temperature 105 °C is rapid constant and it give theoretically quite correct
capillary suction curve. On the other hand, it also changes the microstructure of
concrete and it is not possible to say that how big the cracks are. Experiments
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performed in this thesis are limited, more test are required to improve the curve, which
will help in future to determine the w/c-ratio of hardened concrete.

5.4 Compressive strength test
There is an inconsistency in the compressive strength of lab specimen. The compressive
strength is performed after 7 and 28 days. The concrete with the higher air amount has
less strength because of the capillary pores. Air amount is not the only factor, which
effect the strength of the concrete. As we can see in the figure 59 and 60 the concrete
with less w/c-ratio has higher strength as compare to the concrete with 0.6 w/c-ratio.

Figure 59 Result of the compressive strength of concrete after 7 days

Figure 60 Result of the compressive strength of concrete after 28 days
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6 Discussion, Conclusion and Recommendation

6.1 Discussion
In this chapter, the thesis discusses the result and analysis of test which was conducted
in previous chapter.  The objective of this thesis is to determine the w/c-ratio of
concrete. In addition to investigate different method to measure the w/c-ratio of fresh
and hard concrete.

Water/cement-ratio plays an important role in the quality of the concrete and there are
many factors, which are affected by w/c-ratio. The detailed investigation is in the
literature review however, those factors are:

· Workability of the concrete
· Hydration process
· Porosity and compressive strength

In this thesis three methods (Hydro-mix, SONO-WZ and microwave oven) are used to
determine the w/c-ratio fresh concrete. Capillary suction test method is used to
determine the w/c-ratio of hardened concrete.

In this thesis default setting is used in SONO-WZ, microwave and one calibration is
used in Hydro-mix to see what effect the measurements and results.

Hydro-mix analyses the moisture content of concrete directly from the mixer. This
system allows continues measurement in real-time and automatically. The utilization of
online mixer sensor to determine the moisture content of fresh concrete improve the
quality production of concrete regularity. Hydro-mix measurement mainly depends on
the calibration and lack of calibration of these sensors cause a dependence of water
control accuracy based on the experience level of lab operator.

In this thesis, minimal amount calibration was done to find out possible error sources in
Hydro-mix software for all the concretes. For the calibration, concrete with the w/c-ratio
of 0.5 was used. The calibration for the hydro-mix should be done in the beginning of
the experimental process, to check the properties of the entire concrete particle and their
behaviour with different moisture content

SONO-WZ is a portable measurement device to determine the moisture content of fresh
concrete directly on site. It work based on the principle of TDR. In dielectric
measurement method TDR the electromagnetic field is not linear this means that the
intensity of electromagnetic is higher near the probe surface and decrease with the
distance. However, capacitive and microwave moisture probe have a limited
conductivity range when measuring moisture content from fresh concrete, that
conductivity can be measured with SONO-WZ. The capability of the SONO-WZ to
measure the radar travel time at the speed of light at the accuracy of ±0.000000000001.

SONO-WZ probe required special attention while doing the measurements. Inserting
the probe in the same place cause a segregation effect at that place. In addition while
changing the probe position and removing the probe out of the fresh concrete, the empty
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space will be filled with fine and liquid particles cause increase in the moisture
measurement value. So it is important not to take the reading from the same place.

Based on the result of SONO-WZ measurement of moisture content of fresh concrete it
is concluded that SONO-WZ is not suitable for the concrete with air content more than
7%. Increase in the air content cause an increase in the air gap, since air has low
dielectric content therefore, SONO-WZ would underestimate the actual moisture.

Based on the results of microwave oven test it is concluded that the microwave shows
less w/c- ratio as compare to actual and other test methods. It could be there is still some
moisture left in the samples. In this thesis, 850-Watt power of microwave power was
used with the drying time of 15 minutes.

In this thesis, one microwave oven was used it is recommended to use more microwave
oven in order to a duplicate test of same mix design to get better visibility.

In microwave oven test during drying time, it is suggested to stop the microwave oven
after few minutes and stir the sample to expose trap moisture in the sample.

Concrete with w/c-ratio of 0.4 and 0.5 have the same behaviour and shows similar
results however, concrete with w/c-ratio 0.6 have different impression on the results.
That might be because of the least amount of cement content used in this concrete batch
as seen in appendix 1. In addition the gradation curve of 0.6 batch concrete is different
from 0.4 and 0.5 batch concrete. In 0.6 concrete batch the amount of fine aggregates is
more as compare to other concrete batch, which might have an effect on the results.

With the limited number of experiments, it is not possible to conclude which method is
accurate to determine the moisture content of fresh concrete. However based on the
result and analysis microwave oven shows the promising results.

In capillary suction, the samples were dried at the temperature of 105°C, which might
cause cracks in the samples. These cracks allow water to fill the pores, which has
influence on the measurements.

The biggest problem in the capillary suction test is related to the drying of specimen. At
50°C the specimen is not fully dried and 105°C might cause crack in the specimen.

SONO-WZ measuring procedure does not function with metal because it cause
variation in electric field so it is not possible to measure the moisture content in the
mixer.
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6.2 Conclusion
W/C-ratio is an important material in the concrete and there are several factors causing
variation in the actual w/c-ratio. Since there are many factors influences the actual
water/cement-ratio therefore, all the components in the production should be monitored
to guarantee the best quality of concrete. The quality control of the concrete is mainly
based on the laboratory fresh measurement methods, which are time consuming. This
means that quality checking is user dependent and manual, which may cause error in
results and even to negligence if the test is not performed under the proper supervision.
These imperfections can be avoided by improving the quality control.

In this thesis, three measurement technology utilizing automated measurement systems
(Hydro-mix, SONO-WZ and microwave oven) used to determine the w/c-ratio of fresh
concrete and capillary suction method used to check the quality of hardened concrete.
The accuracy measurement of these methods was analysed by comparing the measured
value with total w/c-ratio. The experiment consisted on nine concretes which were
mixed in the concrete laboratory. The concrete consisted three groups of w/c-ratio and
having different category of air content range from 2–10% by volume.

The following paragraph conclude the investigation work:

1. Hydro-mix work on the principle of microwave radiation concept. It measure the
moisture content of the concrete in during mixing. Hydro-mix shows reasonable
results with higher air content.

2. SONO-WZ work on the principle of TDR-Trime. It measure the moisture
content of fresh concrete. Air content has a great influence on the SONO-WZ
measurements. Air content in the range of 2–7% shows good result. SONO-WZ
mislead the measurement of moisture content of concrete, which has air content
more than 7%.

3. Microwave work on the principle of radiation. Microwave measured w/c-ratio is
lower than the actual w/c-ratio because there is still some moisture left in the
concrete.

4. In capillary suction drying temperature 105 °C give a quite correct capillary
suction cure. On the other hand, it might change the microstructure of concrete
and cause crack.

Digitalization measurement system like Hydro-mix, SONO-WZ, WCM411 etc. plays an
important role in modernizing the quality control of concrete. It is beneficial to measure
the workability, moisture content and air content of concrete in all phases of concrete
production. These measurement technologies measure the properties of concrete in real-
time with minimal effort and less supervision. For example having these technologies in
the mixer or close to the concrete pump nozzle would give real-time information of
moisture content and air amount of the concrete.
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6.3 Further studies
It is recommended to use the higher microwave power for drying process. Higher power
causes a decrease in the drying time which might affect the results. More research is
required on this topic.

In capillary suction method, it is recommended to do test with different drying time and
with different cement type so that the better curve can be presented which will help in
future to determine the w/c-ratio of hardened concrete.

In SONO-WZ it is recommended to do more investigation with different w/c-ratio.
SONO-WZ shows good result with high w/c-ratio, in this thesis three w/c-ratio was
used 0.4, 0.5 and 0.6. It is recommended to check the measurement with other w/c-ratio
and check the variations.

SONO-WZ measuring procedure does not function with steel fibres or metallic
supplements, because of electric field so it is suggested to do investigations into
concretes with composite fibres. It is also recommended to investigate the effect of
SONO-WZ results with different gradation curves of the aggregates.
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Appendix

7.1 Appendix 1 Aggregate gradation curve
Aggregate gradation for 0.4 w/c-ratio

0,125 0,25 0,5 1 2 4 8 16 32 64 H

Filler Fi ller 96 7 29 66 88 94 97 99 100 100 100 100 61

0.1/0.6 9 9 31 70 100 100 100 100 100 100 100 73

0.5/1.2 12 1 2 4 73 100 100 100 100 100 100 82

1/2 14 2 6 11 15 81 100 100 100 100 100 86

2/5 16 0 0 0 0 1 56 100 100 100 100 73

5/10 20 0 0 0 0 0 3 78 99 100 100 76

8/16 22 0 0 0 0 0 0 1 97 100 100 66
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Aggregate gradation for 0.5 w/c-ratio

0,125 0,25 0,5 1 2 4 8 16 32 64 H

Filler Filler 96 6 29 66 88 94 97 99 100 100 100 100 52

0.1/0.6 9 9 31 70 100 100 100 100 100 100 100 73

0.5/1.2 11 1 2 4 73 100 100 100 100 100 100 75

1/2 14 2 6 11 15 81 100 100 100 100 100 86

2/5 17 0 0 0 0 1 56 100 100 100 100 78

5/10 20 0 0 0 0 0 3 78 99 100 100 76

8/16 23 0 0 0 0 0 0 1 97 100 100 69
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Aggregate gradation for 0.6 w/c-ratio

Admixtures used in the concrete mix

Admixtures [dm3/m3]

Pl-0.4-
A2

Pl-0.4-
A5

Pl-0.4-
A10

Pl-0.5-
A2

Pl-0.5-
A5

Pl-0.5-
A10

Pl-0.6-
A2

Pl-0.6-
A5

Pl-0.6-
A10

AEA 0.000 0.0016 0.000 0.000 0.011 0.155 0.000 0.009 0.157

S-
Plasticizer 4.697 3.600 4.697 2.818 1.879 0.157 1.761 0.367 0.000

0,125 0,25 0,5 1 2 4 8 16 32 64 H

Filler Filler 96 8 29 66 88 94 97 99 100 100 100 100 70

0.1/0.6 14 9 31 70 100 100 100 100 100 100 100 113

0.5/1.2 14 1 2 4 73 100 100 100 100 100 100 95

1/2 15 2 6 11 15 81 100 100 100 100 100 92

2/5 16 0 0 0 0 1 56 100 100 100 100 73

5/10 16 0 0 0 0 0 3 78 99 100 100 61

8/16 17 0 0 0 0 0 0 1 97 100 100 51
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Aggregates
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7.2 Appendix 2 Hydro-mix calculation
Concrete
code

Unscaled
value
(input)

Moisture
content
(based on
hydronix)

Calculated
theoretical
concrete weight
(everything that
was put into the
mixer)

Measure
d total
water
amount

Cement
amount

total
W/C
ratio

PL-04-A2 67.75 8.21 288.31 23.66 48.0 0.49
PL-04-A5 66.54 7.97 278.93 22.24 48.0 0.46
PL-04-A10 65.25 7.73 263.18 20.34 48.0 0.42
PL-05-A2 65.55 7.78 287.22 22.36 38.4 0.58
PL-05-A5 64.5 7.58 300.94 22.82 41.6 0.55
PL-05-A10 64.5 7.58 283.93 21.53 41.6 0.52
Pl-06-A2 67.64 8.19 283.06 23.17 36.0 0.64
Pl-06-A5 64.71 7.62 296.53 22.61 39.0 0.58
Pl-06-A10 66.37 7.94 279.22 22.18 39.0 0.57

7.3 Appendix 3 SONO-WZ
NO Design Absorbe

d Water
Char-P Density Measure

d water
content

Std.
Deviatio
n

EC-
trime

w/c-
ratio

1 PL-04-A2 7.3 Normal 2392 185.1 0.1 45.7 0.46
2 PL-04-A5 7.0 Normal 2305 182.0 0.1 42.8 0.45
3 PL-04-A10 6.5 Normal 2200 202.0 0.2 41.0 0.51
4 PL-05-A2 7.6 Normal 2401 177.8 0.1 42.9 0.56
5 PL-05-A5 7.3 Normal 2245 176.4 0.1 42.9 0.55
6 PL-05-A10 6.8 Normal 2132 194.5 0.1 37.1 0.61
7 Pl-06-A2 7.5 Normal 2314 184.7 0.2 39.1 0.62
8 Pl-06-A5 7.2 Normal 2245 188.7 0.1 39.8 0.64
9 Pl-06-A10 6.7 Normal 2160 203.3 0.1 38.3 0.69

7.4 Appendix 4 Capillary Suction
NO Design m 10^7

m/s2
w/c Total w/c Difference Error %

1 PL-04-A2 4.31 0.58 0.42 0.16 0.388
2 PL-04-A5 3.98 0.62 0.42 0.20 0.483
3 PL-04-A10 3.87 0.62 0.42 0.20 0.490
4 PL-05-A2 3.11 0.65 0.52 0.13 0.240
5 PL-05-A5 3.23 0.67 0.52 0.15 0.281
6 PL-05-A10 3.08 0.68 0.52 0.16 0.305
7 Pl-06-A2 2.65 0.73 0.63 0.11 0.168
8 Pl-06-A5 2.58 0.73 0.62 0.11 0.170
9 Pl-06-A10 2.62 0.73 0.62 0.11 0.174
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Capillary suction of PL-0.4-A2
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Capillary suction of PL-0.4-A5
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Capillary suction of PL-0.4-A10
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Capillary suction of PL-0.5-A2
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Capillary suction of PL-0.5-A5
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Capillary suction of PL-0.5-A10
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Capillary suction of PL-0.6-A2
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Capillary suction of PL-0.6-A5
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Capillary suction of PL-0.6-A10


