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ABSTRACT 

 

The corrosion of steel in concrete may occur when carbonation has destroyed 

the protective passivation layer on the steel. Carbonation of concrete is a 

slow phenomenon and in laboratory studies special treatments are often used 

to accelerate carbonation to enable the corrosion of steel to start earlier. With 

accelerated methods it may be, however, not possible to achieve exactly the 

same result as due to the natural carbonation. This study investigated the 

effects of accelerated carbonation on the concrete and the potential 

differences between naturally carbonated concrete especially from the 

corrosion point of view. Corrosion rate and corrosion potential of steel bars 

in naturally and accelerated carbonated concrete was measured with 

computer-aided monitoring system. According to electrochemical 

measurements the corrosion rate in accelerated carbonated concrete may be 

smaller than in naturally carbonated concrete. 
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1. INTRODUCTION 

 

1.1 Background 

 

Among the most pressing concerns for the durability of structural concrete is the corrosion of 

reinforcement. It has recently received much attention as a topic of numerous experimental 

studies.  

 

Reinforcing bars in alkaline concrete are protected from corrosion by a thin passivation layer. 

Corrosion may start when this passivation layer is destroyed, either by chloride penetration or due 

to the lowering of the pH by the carbonated concrete. Only carbonation is dealt with in this study. 

 

Carbonation of concrete is a chemical reaction where atmospheric CO2 diffuses into the pore 

system of concrete through the pores of concrete and causes changes into the chemical 

composition of concrete. In carbonation the carbon dioxide reacts principally with calcium 

hydroxide to form calcium carbonate [1][2]: 

 

OHCaCOCOOHCa 2322)( +→+  

 

The calcium hydroxide is not the only substance that reacts with CO2; the other hydration 

products and even the residual unhydrated cement compounds also take part into carbonation 

reactions [3].  
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Due to carbonation, the alkalinity of the pore fluid drops from a pH value exceeding 12.6 to a 

value about of 8.0. A critical pH value, where the passive layer cannot protect the steel anymore is 

around 11.4 [1]. Below that level corrosion starts if there is enough moisture and oxygen present. 

 

The volume of formed calcium carbonate exceeds that of the parent hydrate. This is why 

carbonation reaction generally causes a reduction in porosity [1]. According to [4] smaller pore 

diameters are reduced in diameter in carbonation. The effect does not seem to be significant in 

larger pores. The reduction of permeability due to carbonation is generally agreed, but also 

contradictory results, especially concerning specimens with low strength, have been published [5]. 

 

Carbonation of concrete is relatively slow under natural conditions. The progress of carbonation 

depth can be modelled by the following equation [6]:  

 

tkx ⋅=  

 

where  x is carbonation depth [mm] 

  k is carbonation coefficient [mm/a
0.5

] 

  t is time [a] 

   

Because of the slow phenomenon, the investigation of carbonation is usually conducted under 

accelerated conditions, with higher CO2-concentrations, for example 4 %-vol, to speed up the 

process. Four weeks of accelerated carbonation in 4 %-vol is often considered as equivalent to 

approximately 4 years in natural conditions [7] [8].  

 

The various factors influences carbonation [1] [4] [9]: 

- The permeability of concrete 

The permeability of hardened cement paste is affected by the type of cement, the 

water/cement ratio, the degree of hydration (curing) and the compaction of the concrete. 

Correspondingly the moisture content of the concrete is also a substantial factor. The 

presence of water is necessary for carbonation. On the other hand, if the pores of concrete 

are saturated, the diffusion of carbon dioxide is slow. The diffusion rate of CO2 in water is 

about four decades lower than in the air. According to [1], the rate of carbonation reaches 

its maximum at the range of the relative humidity of 50 to 70 %. 

- The amount or reactive material 

Cement content, type and quality affect the carbonation; the more the cement, the more 

calcium hydroxide and the longer it takes to carbonate. Also the total alkalinity available 

to react with CO2 influences carbonation. 

- The content of CO2 in the air. 

For most of the concretes studied in [7], increase of the carbon dioxide concentration 

beyond 4 % had little effect on carbonation rates.  

- Temperature 

According to [10] the rate of carbonation is very weakly sensitive to temperature (RH 65 

%).  

 

The corrosion of steel in concrete is an electrochemical reaction where corroding steel acts as an 

anode (where steel dissolves as positive ions into the electrolyte) and cathode (where water reacts 

with oxygen producing hydroxyl ions). The reaction requires also an electrolyte in which ions 
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migrate towards each other to form corrosion products (rust). An electron conductor between 

anodic and cathodic areas (steel) is also essential for the reaction [1] [11] [12].  

 

The electrochemical sub-reactions are (Fig. 1)[12]: 

 

Anodic:  −+
+→ eFeFe 22  

Cathodic:  −−
→++ OHeOOH 442 22  

 

 
Figure 1 - Electrochemical reactions of steel corrosion in neutral or alkaline solution [12]. 

 

The rate of corrosion in chloride-free concrete depends on [12]: 

- pH of pore solution 

- Resistivity of electrolyte 

- Oxygen supply 

- Temperature. 

 

1.2 Objective 

 

The aim of this study was to establish whether representative specimens can be prepared by 

accelerated carbonation for studying active corrosion of reinforcement.  

 

The study was limited to the effects of carbonation and carbonation induced corrosion in 

specimens which contain OPC. Chloride-induced corrosion, the effects of admixtures and 

different cementitious materials, like fly ash, ground granulated blast furnace slag and silica fume, 

were excluded. 

 

2. TEST PROGRAMME 

 

The protective properties of concrete specimens against corrosion and the corrosion rate of steel 

in carbonated concrete were tested using electrochemical methods. The samples were carbonated 

either in natural environment or under accelerated conditions. The effects of carbonation on the 

pore structure of concrete were determined with cup tests. Water absorption tests were used to 

study the capillarity of the specimens.  

Carbonation chamber 
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Accelerated carbonation has been used at least since 1968 [12]. Curing and test conditions have 

varied between different laboratories because there has not been standardised method for this test. 

The accelerated carbonation testing of concrete was reviewed by BRE in 2000 [7]. Based on this 

research, standard recommendations for carbonation system have been given: 

- CO2 level 4 % 

- Relative humidity 65 % 

- Temperature 20 °C 

- Active CO2 control 

- Efficient circulation fan 

- Calibration and logging 

- Reference mix. 

 

The carbonation chamber used in this study satisfies most of the requirements. The relative 

humidity was 75+5 % and no reference mix was used. The progress of carbonation was followed 

using the phenolphthalein test. 

 

The carbonation in the accelerated conditions used in this study can be considered to be roughly 

50 times faster than in normal conditions [8]. 

 

2.1 Electrochemical measurements 

 

The potential measurements can be used to evaluate whether the corrosion of steel takes place. 

When passivation layer protects the steel, the anodic reaction is prevented and the mixed potential 

of steel is relatively high. After the passivation layer is disrupted, the mixed potential decreases. 

The potential can be monitored by half-cell measurements using a simple reference electrode. The 

practical measurement is described for example in [13]. 

 

There are guidelines for interpreting the results of corrosion potential measurements. The 

connection between corrosion potential and probability of corrosion with copper-copper sulphate 

reference electrode is presented in Table 1 [12].  

 

Table 1 – Correlation between half-cell potential and probability of corrosion [13]. 

Half-cell potential vs. CSE Probability of corrosion 

> -200 mV Less than 10 % 

-200…-350 mV Uncertain 

< -350 mV Higher than 90 % 

 

The corrosion rate can be evaluated by polarisation resistance method. In this method the current 

change is examined by the function of electrode potential (polarisation curve). The polarisation 

curve is close to linear near the rest potential. The slope of this linear part is called polarisation 

resistance (∆E/∆I). The corrosion rate (icorr) can be evaluated by the equation [14]: 

 

AR

B
i

p

corr
⋅

=   

 

where B  = coefficient that depends on the Tafel slopes 

 Rp = the polarisation resistance [Ω] 

 A = the area of polarised metal [m²] 
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In the case of steel in concrete 26 mV can be used as the coefficient B when corrosion is in active 

state and 52 mV when corrosion is still in passive state [14].  

 

As for potentials, there are also guidelines to interpret the results of corrosion rates (Table 2): 

 

Table 2 – Levels of corrosion rate [15]. 

Attack penetration 

(µm/year) 

Corrosion rate (µA/cm²) Corrosion level 

< 1 < 0.1 Negligible 

1-5 0.1-0.5 Low 

5-10 0.5-1 Moderate 

> 10 > 1 High 

 

The theoretical background for electrochemical measurements is presented for example in [12]. 

 

The electrochemical measurements in this study were performed with computer-aided 

measurement system, which has been prepared in the Laboratory of Structural Engineering at 

Tampere University of Technology. In this system, the potential is controlled and the passing 

current is recorded. The measurements were carried out using a CSE reference electrode with a 

potential of +318 mV vs. SHE. Passive steel was also used as a reference electrode for short term 

polarisation purposes. The potential shift used for determining Rp was +10 mV and the waiting 

time 40 s. The ohmic drop was compensated by the current interruption method. 

 

Specimens of type 1:  

 

A thin layer (2.5 mm) of OPC mortar was cast on one face of a flat section of steel.  The area of 

the specimen exposed to corrosion was 40*75 mm² the rest of the surface being sealed by 

adhesive tape.  

 

Two kinds of mortar mixes were used. The first (Mix 1) contained OPC and sand (0-0.6 mm) in 

the weight proportions of 1:4.5. The water/cement ratio of the mix was 1.08. The second (Mix 2) 

contained OPC and filler (< 0.125 mm) in the weight proportions of 1:1.6. The water/cement ratio 

of the second mix was 0.74. The reason for the high water/cement ratios was to enable fast 

carbonation. Specimens were cured on wet cloth (the cloth was in contact with water 40 °C) for 

one week after which they were stored at RH 75 % with minimal content of CO2 for at least 2 

weeks. After curing the specimens were covered so that only the area of 20*50 mm² was exposed 

(Fig. 2). 

 

The specimens were divided into three groups (five parallel specimens in each group). One third 

of the specimens were retained alkaline (RH 75 %, CO2 ~ 0 %). One third was carbonated in 

natural conditions (RH 75 %, CO2  0.04 %) for 10 months. The rest was carbonated accelerated in 

4 % CO2 and 75 % relative humidity for 6 months after which they were stored at natural 

conditions (RH 75 %, CO2  0.04 %) for one month. 

 

Three specimens were sealed throughout with the adhesive tape to reveal the possible current 

leaks through the sealing. No measurable corrosion occurred in these specimens during the tests. 
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Figure 2 – Diagram of specimens of type 1. 

 

Specimens of type 2: 

 

Specimens of type 2 were prepared from pieces taken from a demolished concrete shelter built in 

1950s-1960s. The maximum aggregate size of the concrete was 25 - 35 mm. The specimens 

contained reinforcing steel in alkaline and in carbonated concrete. The specimens with alkaline 

concrete were carbonated accelerated for 15 weeks.  

 

For electrochemical measurements an extra layer of mortar (w/c = 0.78) was cast on the rear side 

of the specimens to allow the embedment of steel bars acting as counter and reference electrodes. 

These were steel bars with a diameter of 4 mm and nominal yield strength of 500 N/mm² (B500K) 

(Fig. 3). 

 

 
Figure 3 – Specimens of type 2. 

 

2.2 Cup tests 

 

Water vapour permeability of the specimens was measured by the simple cup tests. In this study 

the cup test were conducted to find out potential differences in porosity between normally 

carbonated and accelerated carbonated specimens. 

 

The cup tests were performed in a chamber with temperature of 20 °C and RH of 75 % produced 

by saturated sodium chloride solution. The chamber was equipped with a blower to ensure even 

humidity everywhere in the chamber. The relative humidity in the cups was intended to be 97 % 
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(saturated potassium sulphate solution in the cup). According to measurements the RH in the cups 

was around 95 %.  

 

The permeability was determined by weighing the cup periodically until the steady-state was 

reached. In steady-state the rate of change in weight during 7 days was measured and the water 

permeability calculated according to the following equation: 

 

p

d

At

m

p

d
g

∆
⋅

∆
=

∆
=δ , 

 

where   δ = water vapour permeability [kg/(Pa·s·m)] 

  ∆m  = change in weight [kg] 

  A = the area of the specimen [m²] 

  t = time [s] 

  d = thickness of the specimen [m] 

  ∆p = partial pressure gradient  

 

The mix of the mortar was the same than used in the electrochemical measurements (Mix 1): The 

mortar mix contained OPC and sand (0-0.6 mm) in the weight proportions of 1:4.5. The 

water/cement ratio of the mix was 1.08. To enable fast carbonation the thickness of the specimens 

was minimised. The specimens were 103 mm in diameter and the thickness was 2.7 mm + 0.2 mm 

(Fig. 4).  

 

After a 3 weeks curing in water immersion (water 40 °C) and subsequent drying the specimens 

were placed in rings with inner diameter of 103 mm with melt glue. The rings were placed on the 

top of the cups. The joints were sealed with adhesive tape. Two “blind” cups with impermeable 

specimens were also prepared to reveal the possible leaks through the joints.  

 

During the first measurements the specimens were alkaline. One half of the specimens were then 

carbonated accelerated in 4 % CO2 and 75 + 5 % relative humidity for 3 months. The other half of 

the specimens were carbonated normally in 0.04 %-vol CO2 and 70 % relative humidity for 6 

months. The progress of carbonation depths was determined by the means of phenolphthalein test. 

The 2
nd

 test was started when the specimens were carbonated through. All the specimens were 

stored at 0.04 %-vol CO2 and 70 % RH for one week before testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 – Specimens of type 3. 
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2.3 Water absorption test 

 

In water absorption tests dry specimens are immersed in water completely or partly. The water 

suction is determined by weighing the specimens periodically. Water absorption coefficient is 

calculated according to the following equation: 

 

t

m
A = , 

 

where  A = water absorption coefficient [kg/m²s] 

  m = the change in weight /the area of the specimen [kg/m²] 

  t = time [√s] 

 

In this research the specimens were stored at RH ~ 0 %, and the drying was followed by 

weighing the specimens. When the change in weight had become steady, the specimens were 

placed in vacuum to finish the drying.  

 

The specimens were prepared of the same pieces from a demolished concrete shelter than 

specimens of type 2 used in the electrochemical measurements. The carbonation front was 

measured and the specimens were sawed to specified size. A piece of concrete containing both 

alkaline and carbonated concrete was cut from the carbonation zone. The opposite surfaces (in 

two different specimens) with similar properties were reached: the other specimen was alkaline 

and the other carbonated. The water absorption tests were performed for the both specimens. 

After this the alkaline specimens were accelerated carbonated for 10-12 weeks and the tests 

were performed again. 

 

The dry specimens were covered with water vapour impermeable covering. Only the sawed 

surface was exposed to moisture by capillary contact to free water. The specimens were 

weighted in the time of 1 min, 2 min, 3 min, 4 min, 5 min, 7 min, 10 min, 15 min, 20 min, 30 

min, 45 min and 1 h.  

 

The water suction to the alkaline parts of the specimens is affecting the results after the first 

minutes, so the emphasis was in the first 5 minutes of the test. 

 

3. RESULTS  

 

3.1 Corrosion potential and corrosion rate 

 

The corrosion potential of specimens, which were carbonated in two kinds of conditions were 

monitored to find out any differences between their corrosion tendencies. The corrosion rates 

of specimens were monitored by the polarisation resistance method.   

 

3.1.1 Specimens of type 1, Mix 1 

 

The specimens were monitored when immersed in water. The corrosion potential 

measurements were carried out using a standard SCE electrode. The monitoring was made in 

three periods. At first, the specimens were monitored after 30 min, 3 h and 6 h immersion in 
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water. After the first test the specimens were dried up for one week in RH 75 % after which the 

measurements were performed again. This time the readings were taken after 20 h and 1 week 

immersion. Before the 3
rd

 monitoring the specimens were stored at RH 75 % for one week. The 

specimens were then monitored after 30 min, 3 h, 6 h, 24 h and 7d immersion in water. 

 

The results from potential monitoring are presented in Figure 5 and the results from corrosion 

rate monitoring in Figure 6. All presented values are means of measurements on five 

specimens. 

 

 

 

 

 

In the beginning of the test, the specimens were relatively dry (stored at RH 75 %) and after 30 

minutes immersion the potentials were still high. Potentials of alkaline specimens were in the 

passive zone (>-200 mV vs. CSE) and during the test they fell into the uncertain range (-200 … 

-350 mV vs. CSE). The results of corrosion rate monitoring were congruent with the results of 

potential. The corrosion rates of alkaline specimens were below 0.1 µA/cm² (negligible 

corrosion) and grew a little by the end. It is possible that the passive layer weakened during the 

long immersion due to depletion of oxygen. 

 

During the 1
st
 monitoring, the potentials of carbonated specimens were in the uncertain range (-

200 … -350 mV vs. CSE) after 30 minutes. The corrosion protection due to the passivation was 

rapidly lost in normally carbonated specimens: After 3 hours immersion in water, the potentials 

were below –350 mV and the corrosion rates > 0.5 µA/cm² (moderate). 

 

At first, the corrosion was slow in accelerated carbonated specimens. The potentials remained 

high (>-200 mV or –200 … -350 mV) i.e. the corrosion protection was not lost during the first 

monitoring. The accelerated carbonated specimens lost their corrosion protection ability during 

the 2
nd

 test. After 20 hours immersion the potentials were below –350 mV and the corrosion 

rates were observable. 

  

The specimens were stored at RH 75 % for one week before the 3
rd

 test started (results in 

Figures 7 and 8). In this time, the corrosion rates of carbonated specimens were immediately 

Figure 5 – The potentials of Specimens 1, 

Mix 1. (alk.=alkaline, carb.=carbonated in 0.04 %-

vol CO2, acc. carb.=accelerated carbonated in 4 %-

vol CO2). 

 

Figure 6 – The corrosion rates of Specimens 

1, Mix 1. (alk.=alkaline, carb.=carbonated in 0.04 

%-vol CO2, acc. carb.=accelerated carbonated in 4 

%-vol CO2). 
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quite high (>1.0 µA/cm², high corrosion rate). There was no significant difference between 

normally and accelerated carbonated specimens after 30 minutes immersion. The corrosion 

started to decrease in time: in accelerated carbonated specimens after 30 minutes and in 

normally carbonated specimens after 6 hours. After 7 days the mean corrosion rate of normally 

carbonated specimens was 0.9 µA/cm² and in accelerated carbonated 0.8 µA/cm² (representing 

both moderate corrosion). Also the corrosion potentials decreased during the second test.  
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3.1.2 Specimens of type 1, Mix 2 

 

The curing, carbonation and storing of the specimens were similar than with specimens of Mix 

1. 

 

The results from potential monitoring are presented in Figure 9 and the results of corrosion rate 

monitoring in Figure 10. All presented values are means of measurements on five specimens. 

 

 

Figure 7 – The potentials of Specimens 1, 

Mix 1 during 3
rd

 test.  
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2, 

acc. carb.=accelerated carbonated in 4 %-vol CO2). 

Figure 8 – The corrosion rates of Specimens 1, 

Mix 1 during 3
rd

 test.  
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2,  

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
 

Figure 9 – The potentials of Specimens 1, 

Mix 2.  
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2,  

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
 

Figure10 – The corrosion rates of Specimens 1, 

Mix 2.  
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2,  

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
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The loss of corrosion protection by depassivation was very similar with normally and 

accelerated carbonated specimens. Within 3 hours the corrosion potentials of them had dropped 

to zone < -350 mV. 

 

Corrosion in the normally carbonated specimens was fast (> 1.0 µA/cm²) after 3 hours. Even 

after 30 minutes, the corrosion rate was higher than 0.50 µA/cm² (moderate corrosion).  

 

The corrosion rate in accelerated carbonated specimens was much slower: < 0.50  µA/cm² 

during the 1
st
 test and around 0.6 µA/cm² during the 2

nd
 test.  

 

Corrosion in the alkaline specimens was negligible. 

 

The results from 3
rd

 potential and corrosion rate monitoring are presented Figures 11 and 12. 

The corrosion rates of carbonated specimens were immediately after 30 minutes really high 

(>3.0 µA/cm²). The corrosion in the normally carbonated specimens was faster than in 

accelerated carbonated specimens. The corrosion started to decrease in time. After 7 days the 

mean corrosion rate of normally carbonated specimens was 2.4 µA/cm² and 1.2 µA/cm² in the 

accelerated carbonated specimens (both fast corrosion). The corrosion potentials decreased 

during the third test.  

 

 

 

 

 

 
 

3.1.3 Specimens of type 2 

 

With these specimens it was impossible to compare the initiation of the corrosion because of 

the different thickness of the concrete covering. The objective was to found out whether the 

corrosion is in longer term as fast in accelerated carbonated concrete than in naturally 

carbonated concrete.   

Figure 11 – The potentials of Specimens 1, 

Mix 2 during 3
rd

 test.  
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2, 

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
 

Figure 12 – The corrosion rates of Specimens 

1, Mix 2 during 3
rd

 test.  
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2,  

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
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Corrosion potentials of working electrodes were monitored unconventionally by using passive 

steel bars in alkaline concrete as a reference.  

 

Before testing the specimens were stored at RH 75 % and 20 °C. The monitoring was made in 

two parts. First the specimens were laid down on wet cloths which were in contact with water 

(air RH 75 %, 20 °C). The specimens were monitored after 4 h, 1 d, 2 d, 4 d and 1 week contact 

with water. After the first test the specimens were removed to conditions of RH 97 % with no 

water contact. This time the readings were taken after 1, 2, 3 and 4 weeks after moving in 97 % 

RH. 

 

The results of corrosion potential monitoring are presented in Figure 13. The results of 

corrosion rate monitoring are presented in Figure 14. Presented values are means of 

measurements on 8-10 specimens. 
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Figure 13 – The results of potential measurements (Specimens of type 2). 
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Figure 14 – The results of corrosion rate measurements (Specimens of type 2). 

 

The corrosion potentials dropped to the level -450 … -550 mV in one week. After the water 

contact was removed and the specimens were stored at RH 97 %, the corrosion potentials 

raised remarkably. After 4 weeks the corrosion potential was so high that the probability of 

corrosion was minor.  
 

The maximum corrosion rate was achieved rapidly after the specimens were laid in contact 

with water. The corrosion in naturally carbonated specimens was somewhat higher than in 

acceleratedly carbonated specimens. The corrosion rate of accelerated carbonated specimens 

was about 35 % smaller after 7 days than in normally carbonated specimens.  
 

In RH 97 % the corrosion was low in both cases. 

 

3.2 Cup tests 

 

The results of cup tests are presented in Table 3. All the values presented in the table are means 

of measurements on four identical specimens.  

 

Table 3 – The permeability related quantities calculated from the results of cup tests. 

CO2 0.04 % CO2 4 % 

  alkal. carb. alkal. carb. 

Water vapour diffusion 

resistance (Z) 10
9
 [m²sPa/kg] 

1.58 1.08 1.67 1.24 

Water vapour 

permeability (δ) 10
-12

 [kg/msPa] 
1.77 2.56 1.62 2.16 

 

The water vapour permeability is known to be a moisture-dependent material property. To 

determine an exact value, the cup test should be performed in different moisture levels. In this 

study the aim was not to determine the exact value, but to find differences between specimens. 
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The mean δ of normally carbonated specimens was 2.6 kg/msPa and mean δ of accelerated 

carbonated specimens 2.2 kg/msPa. The changes during carbonation were correspondingly 45 

% and 34 %. The results of single specimens are presented in Table 4.  

 

The other blind cup had a little leakage. This may have influenced the results. 
 

Table 4 – The single results of cup test method. 

Water vapour 

permeability [δ] 
Water vapour diffusion 

resistance [Z] 

10
-12 

[kg/msPa] 10
9
 [m²sPa/kg] 

  alkaline carbonated alkaline carbonated 

1d 1.72 2.50 1.69 1.16 

1e 1.94 2.45 1.27 1.01 

1f 1.59 2.59 1.78 1.10 
CO2 0.04% 

1g 1.83 2.72 1.58 1.07 

2d 2.00 2.62 1.30 0.99 

2e 1.33 1.92 2.10 1.46 

2f 1.39 1.83 1.84 1.40 
CO2 4% 

2g 1.75 2.29 1.45 1.11 

T1 0.02 0.12 117.66 17.08 
Blind cups 

T2 0.00 0.01 ∞ 168.34 

 

3.3 Water absorption test 

 

The curves of water absorption were determined for each specimen and the water absorption 

coefficients were calculated. The curve of one specimen is presented as an example in Figure 

15. The other curves were almost identical. It can be seen from the curve, that the change in 

weight was the fastest when the specimen was alkaline. Carbonation clearly retarded water 

absorption. The effect was bigger when accelerated carbonation was used. 
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Figure 15 – The curve of water absorption. 

 

The water absorption coefficients of each specimen after 1 and 5 minutes are presented in 

Figures 16 and 17. The carbonated and the alkaline surfaces are reached from same pieces of 

concrete (Fa…Vd) by removing concrete from the carbonation zone. The accelerated 

carbonated surface is the alkaline surface after carbonation.  
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After 1 hour the water front had reached the alkaline parts of the specimens and the water 

absorption coefficients of carbonated specimens were higher. 

 

4. DISCUSSION 

 

The corrosion rate of specimens made of Mix 1 was slower in accelerated carbonated 

specimens than in naturally carbonated specimens. In the 1
st
 test, the mean rate of accelerated 

carbonated specimens was 34 – 38 % smaller than in normally carbonated specimens. In the 2
nd

 

test the mean rate of accelerated carbonated specimens ended up to be 15 – 20 % smaller than 

in normally carbonated specimens. 

 

During the 1
st
 test the corrosion rates increased during the tests because the corrosion was 

starting. Immediately in the beginning of the 2
nd

 test the corrosion rates reached their maximum 

and decreased by time possible due to depletion of oxygen. 

 

The corrosion in specimens made of Mix 2 was much faster than in specimens made of Mix 1. 

In the 1
st
 test, the mean rate of normally carbonated specimens was 3-4 times faster during the 

first 6 hours and later 2-3 times faster than in accelerated carbonated specimens. In the 2
nd

 test 

the difference was smaller: mean rate of normally carbonated specimens was 1.2-2 times of that 

in accelerated carbonated specimens. 

 

Monitoring of specimens 2 indicated also that corrosion is faster in naturally carbonated 

specimens: the mean corrosion rate in accelerated carbonated specimens was 35 % slower than 

in naturally carbonated specimens.  

 

The water vapour permeability of the specimens increased during carbonation. This is 

contradictory with the common understanding, but also corresponding results are being 

introduced /5/. There were no significant differences between accelerated and normally 

Figure 16 – The water absorption 

coefficients recorded after 1 minute. 
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2, 

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
 

Figure 17 – The water absorption 

coefficients recorded after 5 minutes. 
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2, 

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
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carbonated specimens. The water vapour permeability of accelerated carbonated specimens was 

16 % smaller than in normally carbonated specimens. The scatter of the results was quite wide 

which may have been caused by leakages from the cups or by measuring errors. In small 

number of specimens even one difference may affect the results remarkable. 

 

According to the water absorption tests, the carbonation makes the concrete denser. This effect 

is more pronounced in accelerated carbonated specimens than in naturally carbonated ones. The 

water absorption coefficients of accelerated carbonated parts were approximately 40 % smaller 

than in naturally carbonated parts during the first 5 minutes. It was impossible to perform the 

tests to all groups of specimens in the same time because of the frequent weighing. That’s why 

the results may have been affected for example by the drying of the specimens and different 

initial moisture content.   

 

5. CONCLUSIONS 

 

The data of this study shows that there are some differences between natural and accelerated 

carbonation.  

 

Carbonation reaction generally causes a reduction in porosity. According to this study the 

effect may be more pronounced when using accelerated methods. The water vapour 

permeability and water absorption coefficients of accelerated carbonated specimens were 

smaller than in normally carbonated specimens. The effect was also observed as differences in 

resistivity: The corrosion rate was 15-50 % smaller in accelerated carbonated specimens (4 %-

vol CO2) than in naturally carbonated specimens (0.04 %-vol CO2).     

 

According to the results of this study, the corrosion rate results received with accelerated 

carbonation may be 15 - 40 % smaller than in naturally carbonated concrete. This should be 

taken into consideration when using accelerated carbonation for studying corrosion. However 

accelerated carbonation enables corrosion of steel to start much earlier which is a remarkable 

benefit when studying corrosion of steel. 
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ABSTRACT 

 

This paper presents a new rheological equation that simulates 

thixotropic behavior of cement paste. This new material model is 

based on previous work done by Hattori and Izumi [1,2], where the 

coagulation rate and dispersion rate of the cement particles is assumed 

to play the dominating role in generating thixotropic behavior. This 

model is named the modified Hattori-Izumi theory and is based on the 

so-called microstructural approach [3]. In addition to this theory, 

other older and well-known material models are also tested for 

comparison. In this comparison, it is shown that the modified Hattori-

Izumi theory simulates thixotropic behavior much better. Comparing 

experimental data with model prediction does the evaluation of the 

different models. The experimental data is attained from the ConTec 

Viscometer 4 [4]. The model prediction is calculated with the 

software Viscometric-ViscoPlastic-Flow
©

 [5].  

 

Since the modified Hattori-Izumi theory is on a scientific frontier, 

there is still some distance to its direct application in the “real 

concrete world”. Nevertheless, this theory introduces a model of the 

thixotropic behavior and workability loss. More precisely, this theory 

connects rheological behavior to the structural changes of cement 

particles that can undergo a reversible- and a permanent coagulation. 

For the future, this can be a valuable tool, for example when 

comparing different cement types or examine different admixture 

effect in more detail. This would provide an additional help and a 

better know-how in solving problems that might occur at building 

site. 

 

Due to the complexity of the main theory presented here, all details 

cannot be presented in a single paper. However, for the interested 

reader, a complete description of the theory can be found in [5]. 

 

Key words: Rheology; Thixotropy; Workability loss; 

Microstructural approach 
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1. INTRODUCTION 

 

The interest in thixotropic phenomena is nearly as old as modern rheology [6]. An increasing 

number of real materials have been found to show these effects. Also, they have been applied in 

various industrial applications. The term thixotropy was originally coined to describe an 

isothermal reversible, gel-sol (i.e. solid-liquid) transition due to mechanical agitation [6]. 

According to Barnes et al. [7], the accepted definition of thixotropy is “… a gradual decrease of 

the viscosity under shear stress followed by a gradual recovery of structure when the stress is 

removed…”. Additional definitions of thixotropy are given in [3]. In this last-mentioned citation, 

the term viscosity denotes apparent viscosity η. In theoretical rheology the term η is also called 

the shear viscosity. 

 

The amount of theoretical literature on the above-mentioned time-dependent material is limited 

[7]. However, comprehensive review articles have been written on the subject, done by Mewis 

[6] and Barnes [3]. A shorter review is recently given in Mujumdar et al. [8] and in a newly 

published textbook by Tanner and Walters [9]. In these literatures, the various approaches used 

to measure thixotropy are represented. For example, one approach mentioned is by measuring 

the torque T under a linear increase and then decrease in rotational frequency fo of the rotating 

part of the viscometer (fo is in revolutions per second or [rps]). If the test sample is thixotropic, 

the two torque curves produced do not coincide, causing rather a hysteresis loop. While 

hysteresis loops are useful as a preliminary indicator of thixotropic behavior, they do not provide 

a good basis for quantitative treatments [3,10]. However, an attempt can be made to quantify 

thixotropic behavior from such torque curve by its integration [3,10,11]. Another possible 

approach to study thixotropic behavior is by monitoring the decay of measured torque from an 

initial value To to an equilibrium value Te with time t, at a constant rotational frequency fo [10]. 

In some cases, a simple exponential relationship can be found, but other and more complicated 

relationships may also exist. For example, Lapasin et al. [12] make use of the above approach on 

cement pastes, using three different types of functions, however all more complicated than the 

simple exponential form. Nevertheless, a material model created by this approach is very limited 

because the corresponding apparent viscosity function η can only be valid when only one 

constant rotational frequency fo is applied to each rheological experiment. Considering an 

apparent viscosity function η extracted from such experiment and then using it in another 

experiment of more complicated shear history, will turn out to be almost impossible. Hence, 

such viscosity function will not represent a true rheological picture of the test material. As will 

be demonstrated in this paper, a true viscosity function must at least depend on (fading) memory 

information of both shear rate  (related to dispersion rate of the cement particles) and of 

coagulation rate H. 

 

In this paper, the analysis of thixotropic behavior consists of measuring torque T = T(t) as a 

function of time t, under complex rotational frequency conditions fo = fo(t) shown in the left 

illustration of Figure 2. During such condition, the processes of structural breakdown and 

structural rebuild (or recovery) are simultaneously present in each experiment. If both processes 

are occurring at equal rate, a state of microstructural equilibrium is reached. The challenge is to 

create a material model η that is based on the microstructural approach and can simulate the 

measured rheological behavior of the cement paste under arbitrary and very complex shear rate 

conditions. With a good apparent viscosity function η = η ( ,t,…) that is used in the numerical 

simulation, the computed torque Tc should be able to overlap the measured torque T. With such 
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satisfactory material model, a better idea of what controls the rheological behavior of the 

cement-based material can be attained. Also, such a connection of the rheological behavior to 

the structural changes governing thixotropy can provide additional insight and a better 

understanding of the admixture performance for example relative to potential formwork pressure 

and workability loss. 

 

The viscometer used in the experiment is the ConTec Viscometer 4 [4]. It is a coaxial cylinders 

viscometer that has a stationary inner cylinder (of radius Ri = 85 mm) that measures torque T, 

and a rotating outer cylinder (of radius Ro = 101 mm). The height of the inner cylinder is h = 116 

mm. Shearing from the bottom part of the viscometer is filtered out by a special means [4]. The 

left illustration of Figure 1 shows a simulated flow inside the ConTec Viscometer 4, while the 

right illustration shows a schematic presentation of the viscometer. 

 

  
Figure 1 – To the left: Computed flow inside the ConTec Viscometer 4 [5]. To the right: 

Schematic representation of the viscometer. The inner cylinder (Ri) is stationary and measures 

the applied torque T from the cement paste. The outer cylinder (Ro) rotates at pre-determined 

rotational frequencies fo = fo(t), shown in the left illustration of Figure 2. 

 

The numerical software used is named Viscometric-ViscoPlastic-Flow
©

. This software is freely 

available in [5]. It is a finite difference model based on the ADI technique (Alternating Direction 

Implicit). It is designed for time-dependent (transient) and time-independent (steady state) 

viscoplastic materials. In fundamental terms, the pre-mentioned software solves the Newton’s 

second law m dv/dt = F + m g inside the ConTec Viscometer 4, where m is the fluid element 

mass, v = v(x,t) is its velocity, g is gravity and F is the sum of surface forces applied to the fluid 

element from its surroundings (see [5], pp.11-16, pp.155-157). The term x = (x,y,z) is the spatial 

coordinates. A different apparent viscosity η gives a different force contribution F = F(η), which 

again gives a different velocity profile v = v(x,t). This again results in a different computed 

torque Tc = 2πRi
2
hη , because the shear rate is dependent on the velocity v (meaning  = (v)). 

More precisely, the shear rate is calculated according to Equation (1.1) [13, 14, 15].  

 

          (1.1) 

 

The term  is the strain rate tensor and is given by Equation (1.2) [13, 14, 15]. 

 

        (1.2) 
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Both the shear rate and the strain rate tensor have the unit of s
-1

. ∇ is the gradient operator and 

(∇v)
T
 is the transpose of the gradient velocity tensor ∇v. With Equations (1.1) and (1.2), the 

shear rate  is not only dependent on the geometry (Ri,Ro,h) and on the rotational frequency (fo) 

of the viscometer, but also on the rheological parameters of the test material. This is because the 

shear rate  is dependent on velocity v, which is again dependent on the force F = F(η) (c.f. 

Newton’s second law). This approach is very important when calculating the correct shear rate 

inside a fluid that has a yield value (i.e. of a viscoplastic material). This type of shear rate 

calculation is well known in theoretical rheology and dates back at least to 1947 [14]. However, 

because of how this type of shear rate calculation severely complicates the analysis of the test 

material, the approach is not popular although it is extremely important (see pp.232-234 in [5]). 

Furthermore, this type of shear rate calculation is unknown to many. 

  

The results produced by the software Viscometric-ViscoPlastic-Flow
©

 have been demonstrated 

to be accurate. First of all, the numerical results produced by the software have been tested 

against known solutions existing in the literature. Also, issues like consistency, convergence, 

numerical convergence and stability have been dealt with, to verify a good numerical quality. 

For further information about this issue, see [5], pp.163-164, pp.177-203. 

 

 

2. EXPERIMENTAL 

2.1 Mix Design 

 

The water-cement ratio used for the cement paste is w/c = 0.3. The amount of superplasticizer is 

0.5% solids by weight of cement (sbwc) of Suparex M40. This product is a naphthalene (SNF), 

produced by Hodgson Chemicals Ltd. The volume of the test sample is about three liters, 

meaning that about 4.80 kg of Norcem Standard Cement (CEM I 42.5R acc. to EN 197-1:2000) 

and 1.44 kg of water is applied to each batch.  

 

 

2.2 Mixing procedure 

 

A Hobart AE120 mixer was used for mixing the cement paste. The agitator and the attachment 

(i.e. the whips) have the following speed settings:  

1. Low: 107 and 61 rpm;  

2. Intermediate: 198 and 113 rpm and  

3. High: 361 and 205 rpm.  

The agitator rotates clockwise and the attachment rotates counterclockwise. The attachment is 

blade shaped (like an open shield).  

 

The fact that the test sample consisted of only pure cement paste, resulted in a reduced 

reproducibility (reproducibility = reproduction of rheological result of different batches, of the 

same mix-design). After testing different mixing procedures to seek a better reproducibility, the 

following one was selected:  

1. Between 0 and 3 minutes: Mixing of cement and water at speed 1. Most of the cement 

particles are more or less moistened within the first 60 seconds. 
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2. Between 3 and 6 minutes: Hand mixing and resting.  

3. Between 6 and 10 minutes: Mixing at speed 2 (mixing at speed 3, resulted in too much 

splashing in most cases). 

4. Between 10 and 11 minutes: Check with hand mixing, if the cement paste is 

homogeneous. 

 

 

2.3 Measuring Procedure 

 

At 12, 42, 72 and 102 minutes after the initial water addition, a rheological measurement with 

the ConTec Viscometer 4 is performed. Immediately after each measurement, a remixing by 

hand is done to ensure homogeneous mixture. A complete rest period applies for the test 

material prior to any data logging in the coming measurement. The rest period is about 29 

minutes and was considered to be sufficient for the test sample to gain a large coagulation state 

at the start of the next measurement. No remixing with the Hobart mixer was applied between 

measurements. Since the objective is to investigate thixotropic behavior of the cement paste, it 

would be pointless to use the Hobart mixer to disperse the coagulated cement particles and break 

up the structure that the viscometer is supposed to measure.  

 

As mentioned just above, a rheological measurement is made at 12, 42, 72 and 102 minutes. 

However, in the current paper, only one of these four results is shown, analyzed and discussed. 

This is the measurement conducted at 72 minutes after water addition. For the interested reader, 

all four results are available in [5]. Each measurement is made with the ConTec Viscometer 4 

and begins at the (experimental) time t = 0 and ends at t = 50 s. 

 

 

2.4 Rotational frequency and measured torque 

 

The rotational frequency fo [rps] of the outer cylinder (see Figure 1) applied in the experiment 

and also used in the numerical simulation, is shown in the left illustration of Figure 2. 

 

 
Figure 2 – To the left: The applied rotational frequency fo as a function of time t. To the right: 

The experimental result at 72 minutes after water addition. The dotted lines represent the three 

repeated batches and the solid line is the average of these three results. 
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In this work, three repeated batches are mixed and tested to examine reproducibility. In the right 

illustration of Figure 2, the corresponding rheological results are shown with a dotted line. All 

these three results apply at 72 min after water addition. To filter out the effect of random 

experimental error from thixotropic material behavior, the average of these three results is used 

to represent the rheological behavior of the test material. This average is shown in the same 

figure with a solid line. The average line is also shown in Figures 3, 4, 5 and 7 and then with a 

dashed line. 

 

 

3. TESTING OF DIFFERENT THIXOTROPIC MATERIAL MODELS 

 

Several selected material models are tested in the attempt to reproduce the experimental result 

(i.e. the solid line) shown in the right part of Figure 2. This is done to examine the quality of 

each model. Initially, the modified vom Berg equation is tested. It is modified by Lapasin et al. 

[12]. Thereafter in Section 3.2, the modified Shangraw equation is tested. The modification is 

also made by Lapasin et al. [12]. In Section 3.3, the original Hattori-Izumi theory [1,2] is 

investigated and in the end (Section 3.4) its modification [5] is tested. 

 

 

3.1 The vom Berg equation (modified by Lapasin et al.) 

 

In the original literature [12], the vom Berg model is presented in terms of shear stress τ. In the 

current paper, it is rather presented in terms of apparent viscosity η. Those two presentations are 

equal to one another, since by multiplying the apparent viscosity η with the shear rate , the 

shear stress presentation of the material model is attained (i.e. τ  = η ). The material model 

suggested by vom Berg is given by Equation (3.1). 

 

        (3.1) 

 

The term τf is the yield value (called the yield stress in the original paper) and  is the shear rate. 

The two terms A and C are material constants. The modification suggested by Lapasin et al. [12] 

replaces the constant A with a function shown with Equation (3.2). 

  

         (3.2) 

 

The terms A0 and A1 are additional material constants. The term λ is known as structural 

parameter [12] and is given by Equation (3.3). 

 

         (3.3) 

 

The two terms a and b are also material constants and t is time. By using Equations (3.1) to (3.3) 

in the numerical simulation, it became impossible to reproduce the experimental result shown in 

the right illustration of Figure 2. A vide variety of different values τf, C, A0, A1, a and b were 

tested in this experiment by trial and error. An example of such numerical result is shown in 

Figure 3 with a solid line. Also shown in this figure, is the experimental result (dashed line) and 
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the rotational frequency used (dashed dotted line). These two last-mentioned lines are also 

shown in Figure 2. Note that the rotational frequency line in Figure 3 is a relative line, not 

showing the absolute values (the absolute values are however shown in Figure 2). 

 

In the current work, it became clear that it is only possible to simulate a part of the experimental 

data with the modified vom Berg theory. I.e. it is possible to set the values of τf, C, A0, A1, a and 

b such that a part of the experimental result is reproduced. However, with these six values fixed, 

the rest of the experimental data cannot be simulated. For the particular example shown in 

Figure 3, the following values are used: τf = 130 Pa, C = 4 s
-1

, A0 = 30 Pa, A1 = 230 Pa, a = 1 and 

b = 1 s. These values are chosen in the attempt to reproduce the first part of the experimental 

data as much as possible. 

 

 
Figure 3 – Numerical result when using the vom Berg equation (modified by Lapasin et al.). 

 

 

3.2 Shangraw equation (modified by Lapasin et al.) 

 

In this paper, the Shangraw equation is presented in terms of apparent viscosity η rather than in 

terms of shear stress τ (see the discussion in Section 3.1). The material model suggested by 

Shangraw is given by Equation (3.4). 

  

       (3.4) 

 

The terms τo and η∞ are called the yield stress (i.e. yield value) and dynamic viscosity in the 

original literature [12]. The two terms α1 and α2 are material constants. The modification 

suggested by Lapasin et al. [12] is replacing the constant α1 with a function given by the 

following equation 
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        (3.5) 

 

where the terms α10 and α11 are additional material constants. The term λ is the same structural 

parameter as shown in Equation (3.3) [12]. 

 

 
Figure 4 – Numerical result when using the Shangraw equation (modified by Lapasin et al.). 

 

By using Equations (3.4) and (3.5) (as well as Equation (3.3)) in the numerical simulation, it 

became impossible to reproduce the whole experimental result. A vide variety of different values 

τo, η∞, α10, α11, α2, a and b were tested in this experiment by trial and error. Figure 4 shows an 

example of a result when using the modified Shangraw equation (the solid line). Just as applies 

in Section 3.1, it was only possible to simulate a part of the experimental data. For the result 

shown in Figure 4, the material parameters τo, η∞, α10, α11, α2, a and b are set to such that the 

middle part of the experimental data is reproduced as much as possible. However, with these 

seven values fixed, the simulation cannot reproduce the rest of the experimental data. The 

following values are used in the last-mentioned figure: τo = 90 Pa, η∞ = 0.002 Pa�s, α10 = 10 Pa, 

α11 = 220 Pa, α2 = 0.03 s, a = 40 and b = 50 s. 

 

 

3.3 The original Hattori-Izumi theory 

 

The apparent viscosity function of Hattori and Izumi [1,2] is given by Equation (3.6).  

 η = B3 Jt
2/3

 + {other less relevant terms} ≈ B3 Jt
2/3

 = B3 n3
2/3

 U3
2/3

  (3.6) 

The term Jt represents the number of junctions (or connections) between the primary cement 

particles, per unit volume (i.e. this term has the physical unit of [m
-3

]). With primary cement 
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particles, it is meant the cement particles that are small enough to be influenced by the total 

potential energy (which is the sum of van der Waals attraction, electrostatic repulsion and steric 

hindrance) and can therefore interact with each other by coagulation and dispersion (for further 

reading about this issue, see [5], pp.38-47). The number of such particles per unit volume is 

represented with the term n3. The term U3 is an indirect microstructural parameter and is related 

to the direct microstructural parameter Jt with the following relationship Jt = n3U3. With 

coagulation of the cement particles (H > 0) the value of Jt increases, but with dispersion (  > 0) 

this value decreases. The term B3 is a so-called friction coefficient with the physical unit of 

[N�s]. The coagulation state U3 at time t is calculated by Equation (3.7) [1,2]. 

        (3.7) 

As before, the variable t is time and  is the shear rate. The term H is the coagulation rate 

constant (with the unit of [s
-1

]) and Uo is the coagulation state at t = 0. That is Uo = (Jt|t=0)/n3, 

where the term Jt|t=0 = Jo = n3Uo describes the number of junctions between the primary cement 

particles, at the beginning of an experiment t = 0. The above equation describes how the number 

of junctions (or contacts) between primary cement particles is changing, because of coagulation, 

dispersion and re-coagulation. 

 

 
Figure 5 – Numerical result when using the original Hattori-Izumi theory. 

 

Using Equations (3.6) and (3.7) in the numerical simulation, a result like what is shown in 

Figure 5 emerges (the solid line). Such type of torque profile is never observed experimentally in 

this work. The values used in this case are as follows B3 n3
2/3

 = 45 N�s�m
-2

, Uo = 1 and H = 

0.0005 s
-1

. A vide variety of other values were also tested (by trial and error), but without any 

success. In Section 3.4, some necessary modifications applied to Equations (3.6) and (3.7) are 

described. Rather than being based on pure theoretical approach, much of these modifications 
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are based on (semi) empirical considerations and intuition. The modifications are made with the 

objectives to calculate a torque Tc that is identical or very similar to the measured torque T.  

 

3.4 Modified Hattori-Izumi Theory 

 

The material model of the modified Hattori and Izumi theory [5] is given by Equation (3.8).  

         (3.8) 

The two terms τo and µ are the well-known yield value and plastic viscosity, while  and  are 

their thixotropic counterparts. As shown with Equations (3.9) and (3.10), both the thixotropic 

plastic viscosity  and the thixotropic yield value  are dependent on U3
2/3

. This is based on the 

relationship shown with Equation (3.6). 

 

   = ξ1 U3
2/3

         (3.9) 

  = ξ2 U3
2/3

          (3.10) 

 

Although determined by empirical means, the two terms ξ1 and ξ2 are material parameters, 

depending among other factors, on the surface roughness of the cement particles and phase 

volume Φ. Also included in ξ1 and ξ2, is the interaction between the smaller (coagulating - 

dispersing) cement particles and the larger cement particles (that mostly interact with a hard 

sphere collision factor), as well as the contribution from the corresponding admixture and the 

pore water in-between (see also [5] about this issue, pp.21-28, pp.127-128). The coagulation 

state U3 is now calculated by Equation (3.11) instead of by Equation (3.7).  

        (3.11) 

The above equation is based on Equation (3.7). More precisely, by replacing the two terms  t 

and H t in the last-mentioned equation, with the memory modules Γ and Θ, Equation (3.11) is 

attained. These two terms are defined by Equations (3.12) and (3.13) (see [5], pp.171-172, 

pp.209-210). 

       (3.12) 

       (3.13) 

 

The two terms α and β are fading memory functions and t´ is earlier time. As before, the term x 

represents the spatial coordinates, meaning x = (x,y,z) (the coordinates x, y and z are shown in 

Figure 1). With the application of the two above equations, the apparent viscosity Equation (3.8) 

now remembers its past. That is, it remembers its past shear rate history and its past coagulation 

rate history. Apparently, with the requirement of Equations (3.12) and (3.13), the history of 

shear rate and coagulation rate are important, when considering the thixotropic response of 
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cement pastes. 

 

It is interesting to note that when all the (primary) cement particles are fully dispersed, meaning 

U3 = 0, Equation (3.8) returns to its pure Bingham form: 

       (3.14) 

The first part of Equation (3.14), shows the Bingham equation in terms of apparent viscosity, 

while the latter part shows it in terms of shear stress τ.  

 

In the modified Hattori-Izumi theory [5], it is assumed that basically two kinds of coagulation 

exist. The first type is the reversible coagulation, where two coagulated cement particles can be 

separated (i.e. dispersed) again for the given rate of work available to the cement paste (the rate 

of work, or power, is provided by the engine of the viscometer). The number of connections 

between cement particles that are in reversible coagulated state is represented with the term Jt 

and calculated according to Equation (3.11). As shown with Equations (3.9) and (3.10), the 

thixotropic plastic viscosity and yield value are dependent on the number of reversible 

connections Jt = n3U3 that exists between the cement particles. In Figure 6, the white cement 

particles demonstrate a reversible coagulation. 

 

 
 Figure 6 – Relationship between Equation (3.8) and the two terms Jt and Jt

p
. 

 

The second type of coagulation is the permanent coagulation, where the two cement particles 

cannot be separated for the given power available. In [5], its number is represented with Jt
p
 (the 

reason for a permanent coagulation might be (for example) due to a damaged plasticizing 

polymer between the two corresponding cement particles). Hence, the total number of junctions 

in the cement paste is Jt
tot

 = Jt
p
 + Jt. In Figure 6, the black cement particles demonstrate a 

permanent coagulation. The number Jt
p
 is always gradually increasing (i.e. cannot reduce), while 

Jt can both increase and decrease. 

 

Just as the thixotropic yield value  and plastic viscosity  depends on the number of reversible 

junctions Jt, the yield value τo and plastic viscosity µ could be considered to depend on the 

permanent junction number Jt
p
 in similar manner as shown with Equations (3.9) and (3.10). As 

such, one could consider that permanent coagulation Jt
p
 contributes to the workability loss, while 
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reversible coagulation Jt contributes to thixotropic behavior. This correlation is shown in Figure 

6. Hence, the physical relationship between thixotropy and workability loss might be closer than 

one could imagine at first sight. 

 

Figure 7 shows the numerical result when using the modified Hattori-Izumi theory. As shown, 

this theory can reproduce the measured torque much better relative to what is shown in any of 

the Figures 3, 4 and 5. The values used in this simulation are: µ = 0.5 Pa�s, τo = 110 Pa, ξ1 = 

67.5 Pa�s, ξ2 = 22.5 Pa and Uo = 1. These values are attained by the method of trial and error, to 

give the best overlap between the measured torque T and the computed torque Tc (this approach 

was also used in Sections 3.1, 3.2 and 3.3). These values are not just a coincidence, but rather 

correspond to the cement paste rheological response as explained with the modified Hattori-

Izumi theory (for further reading about this important issue, see [5], p.215). As indicated above, 

the degree of overlapping shown in Figure 7, is impossible to produce with any of the theories 

presented in Sections 3.1, 3.2 and 3.3.  

 

 
Figure 7 – Numerical result when using the modified Hattori-Izumi theory. 

 

In the original Hattori-Izumi theory [1,2], it is assumed that the coagulation rate H is a constant, 

only dependent on Brownian motion. Such assumption cannot hold for non-zero shear rate 

condition. Under such condition, the stirring (  > 0) causes the cement particles to be thrown 

together at larger rate than the normal diffusion rate, resulting in increased coagulation [16] (see 

also [5], pp.45-47, pp.212-213). From this, it is clear that the coagulation rate coefficient is 

dependent on stirring, meaning H = H( ,t). After a large number of trials in simulating the 

measured torque, it became clear that the coagulation rate function had to have the functional 

form described with Equation (3.15). This equation is applies for the result shown in Figure 7. 

         (3.15) 
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The term l in the above equation, is an empirical constant, equal to l = 1 s
-1

. The function K(t) is 

such that it holds a different value, depending on if the rotational frequency fo is increasing or 

decreasing with time. 

 

 

4. CONCLUSION 

 

With the promising results shown in Figure 7, it has been demonstrated for one cement paste 

experiencing one shear history that the modified Hattori-Izumi theory can be used to adequately 

simulate the thixotropic torque response. As shown in Sections 3.1, 3.2 and 3.3, this was not 

possible with other selected models. In [5], the modified Hattori-Izumi theory is also used to 

simulate measured torque response of cement pastes using various types of lignosulfonates. 

There, in some cases, a complete match between the measured and the computed torque is 

gained, while in other cases, less acceptable results are gained. This indicates that the main 

theory presented here is not yet fully complete, although it gives satisfactory results in many 

cases. 

 

In the modified Hattori-Izumi theory, thixotropy is basically governed by a combination of 

(reversible) coagulation, dispersion and re-coagulation of the cement particles. Also, in this 

theory, a close physical relationship is assumed between thixotropic behavior and workability 

loss. I.e. both processes are related to coagulation of the cement particles. More precisely, the 

former behavior depends on the reversible junction number Jt, while the latter on the permanent 

junction number Jt
p
 (see Figure 6). Of course, both thixotropy and workability loss are also 

dependent on other factors, for example like those mentioned below Equation (3.10). 
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ABSTRACT 

In 1977/78 three sections of a wharf in Gothenburg were cast in 
silica fume concrete of three different qualities, one with admixed 
chloride. At the same time companion sections were cast in 
conventional concrete − with similar target mechanical properties. 
The paper summarizes the results from an investigation of the four 
concrete qualities without admixed chloride. In summary: all 
concretes continue to gain strength, silica fume concrete is very 
resistant to chloride penetration, error function curve fitting is of 
dubious value for normal concrete, and silica fume content appears 
to be very important in controlling chloride ingress. 

Key words: silica fume, microsilica, chloride, marine, field, 
strength. 

 

1. INTRODUCTION 

In 1977 and 1978 three sections of wharf were built in Gothenburg, Sweden. The wharf is 
described in a paper by Maage and Sellevold (1), reporting microstructural and mechanical 
properties. In 2000 a new set of samples were retrieved, taken from the same locations as 
previously. The investigations this time additionally included characterisation of chloride 
resistance properties and porosity. However, the results for strength and chloride resistance 
indicated that the nominal mixes reported in (1), taken from the construction reports, were 
incorrect. Thus, a fairly extensive analysis had to be performed in order to estimate the mixtures 
actually used – they were significantly different from the nominal mixtures reported.  

The wharf is located at the mouth of the Gotha river on the west coast of Sweden (fig. 1). It is 
the outermost part of the massive port facilities of Gothenburg, and due to the dilution caused by 
the river is situated in slightly brackish water. The wharf is a massive structure and more than 
600 meters long. 

Five different concrete qualities were used, however, only four are reported here (the fifth used 
admixed chloride as accelerator). “Low” quality concrete was used in the lower part of the 
structure, while higher quality concrete was used in the upper part. Two separate mixtures were 
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used for each of the exposure situations, with and without microsilica (silica fume). Thus, there 
is parallel exposure of otherwise (nominally) comparable concretes, giving unique opportunity 
to study the effect of microsilica addition. 

  

Figure 1. Location of the wharf 

 

2. COLLECTION OF SAMPLES 

2.1. Location of sampling areas. 

The wharf has huge rubber bumpers to provide absorption of kinetic energy of. As can be seen 
from the photos the bumpers are fixed by brackets. These brackets have been sampled (See fig. 
2). Because of the overhanging deck, the concrete in the brackets is protected from rain. 
Chloride exposure is from airborne chloride and splashing. 

The lower half of the bracket is in K350 (35 MPa characteristic cube strength), while the upper 
part of the bracket is in K500 – 50MPa (Present-day nomenclature would be C25/30 and C45/50 
respectively). 

 

Figure 2A. Overview of wharves  
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Figure 2B & 2C. Overview and detail of wharves and bumper. Joint between concrete qualities 

can be seen. 

2.2. Cores and their use 

The cores that were drilled varied in length from 330 to 430 mm. After drilling, they were 
shipped to SINTEF in Trondheim, who performed the investigations (2).  

Typical use of the cores was (SINTEF report 70161/1, (2)): 

• Outer 120 mm from two cores: Chloride profile by grinding.  
(The concrete cylinder is placed in the chuck of a turning lathe, and milled layer by layer 
(e.g. 1 mm). The dust from each layer is collected, dissolved in nitric acid and the chloride 
content determined by a spectrophotometric method.) 

• The outer 120-mm from the third core was used for plane and thin sections and for SEM. 

• The next 100 mm from all cores were used for density and compressive strength (NS 3673 
(density), NS3668 (compressive strength)) 

• The next 60-mm from each core was used for determination of chloride bulk diffusion 
according to Nordtest method NT Build 443 

The final pieces were used for samples to determine capillary absorption according to an 
internal SINTEF procedure (3). 

 

3. CONCRETE MIXTURE COMPOSITIONS 

The nominal mixture compositions given in reference (1) were based on reports from the 
construction period. They were incompatible with the test results; even for such basic properties 
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as strength and chloride ingress. It was therefore decided to attempt to estimate the recipes from 
analysis of the hardened concrete. 

The procedures were extensive and involved DTG (Differential Thermal Gravimetry), wet 
chemistry and microstructural investigations. Fortunately the cement type was known 
(Gullhögen) as was its typical chemical composition at the time of construction. The silica fume 
that was likely to have been used at this location typically had a SiO2 content of 92%, the value 
was used in the analysis. As it turned out, the differences between the nominal mixture designs 
and those determined by analysis were significant, and the mixtures determined in this testing 
are used in the rest of this report. The method used to determine the real mix has potential 
errors, but knowledge of the composition of component materials makes the determination more 
reliable. (The procedure is discussed in (3)) 

Table 1 gives the relevant details concerning the composition of the binder. The greyed out lines 
represent the nominal compositions. 

Table 1. Nominal and estimated concrete composition (kg/m
3
); nominal greyed out. 

 1 2 3 5 

 (17/5-77) (20/6-77) (8-9/12-76) (13-19/9-78) 

370 445 270 315 
Cement 

409 455 216 348 

46 (12%) 0 40 (15%) 0 
Silica fume 

22 (5.4%) 0 30 (13.7%) 0 

Water 166 187 181 185 

w/c 0,45 0,42 0,67 0,59 

w/c+s 0,40 0,42 0,58 0,59 

w/c+s 0.45 0.42 0.68 0.56 

 

4. OBSERVATIONS 

4.1. Compressive strength 

Figure 3 shows that all concretes show consistent gain of strength over time, the effect of 
microsilica being approximately as expected – i.e. less relative strength increase from 28 days to 
22 years.  
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Figure 3. Development of compressive strength 

 

4.2. In-situ chloride profile. 

In situ chloride concentration profiles are given in figure 4.  
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Figure 4. Observed chloride profiles 
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The most striking features are: 

• The differences in shape between regular and microsilica concretes. Microsilica concretes 
have a shape reminiscent of concentration profiles in a diffusion process, conventional 
concretes look more like flow through capillary pores. 

• The efficiency of microsilica in reducing chloride ingress. 

• The important effect of microsilica on chloride ingress as seen on mixtures with w/c+s of 
0.45 and 0.68 and microsilica content of 5.4 and 13.4% respectively. The graph shows that 
the efficiency factor of microsilica where chloride ingress is concerned is likely to be far 
higher than 2 that is used in EN 206. Pore refinement is the most likely contributor. 

Also shown are the fitted curves (by least squares method) for determination of diffusion 
coefficient and surface concentration profile for two of the mixtures (fig. 5).  

 

 

Figure 5. Fitting of error function curves  

(Top: low w/c+s, no silica fume, Bottom: high w/c+s, 15% silica fume) 
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Table 2 shows estimated curve fitting parameters and corresponding regression  

Table 2. Transport parameters by curve fitting to “Fick’s 2
nd

 law” 

Recipe “Surface 
Concentration”  

C0 (%) 

Diffusion 
coefficient 

D0 (10-12 m2/s) 

Regression 
coefficients 

w/c+s=0.45,  
5.4% microsilica 

0.74 0.32 0.99, 0.97 

w/c+s=0.42,  
no microsilica 

0.37 0.90 0.95, 0.96 

w/c+s=0.68,  
13.8% microsilica 

0.53 0.33 0.99, 0.99 

w/c+s=0.56,  
no microsilica 

0.26 1.9 0.92, 0.85 

 

4.3. Laboratory chloride profiles (NT Build 443) 

From the centre of the cores (i.e. most distant from the surface), specimens of 60 mm height 
were made. For all but one of the series, three parallels were tested. For the last series, two 
parallels were available. Determination of chloride resistance was performed according to NT 
Build 443 (table 3). 

Table 3. Average transport coefficients from NTBuild 443 

Recipe “Surface 
Concentration”  

C0 (%) 

Diffusion 
coefficient 

D0 (10-12 m2/s) 

w/c+s=0.45, 5.4% microsilica 0.97 3.5 

w/c+s=0.42, no microsilica 0-99 17 

w/c+s=0.68, 13.8% microsilica 0.95 3.2 

w/c+s=0.56, no microsilica 0.73 31 
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4.4. Electrical resistivity 

The electrical resistivity was determined using an internal SINTEF procedure where the ends of 
water saturated cylinders are coated with a conductive, water-based gel and the conductivity is 
determined at 1kHz. The results (mean of three samples) are in table 4. 

Table 4. Electrical resistivity at 1kHz 

Recipe Specific resistance 
Ωm 

w/c+s=0.45, 5.4% microsilica 156 

w/c+s=0.42, no microsilica 52 

w/c+s=0.68, 13.8% microsilica 301 

w/c+s=0.56, no microsilica 62 

 

4.5. Microstructural investigations 

Plane and thin section. 

These investigations showed that there were no signs of concrete deterioration for any of the 
samples. The microscopy indicated slightly lower w/c+s than the nominal mix specifications 
stated. The use of silica fume gave reduced portlandite content. 

Carbonation was found in all samples, from 3.2 mm in the sample with 5% microsilica to a 
maximum of  6.7 mm in the sample from concrete with w/c+s=0.68 and 14% microsilica. 

SEM 

The investigation showed that the concrete with low w/c+s and 5% microsilica had significant 
amounts of unhydrated cement (fig. 6), indicating dry conditions inside the concrete. Such 
unhydrated cement was found close to the surface of the concrete. In this concrete, portlandite 
could not be identified, even if there should be a significant amount present, indicating that the 
portlandite is distributed throughout the matrix. Some microsilica agglomerates (about 10 
microns diameter or less) were identified. 
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Fig.6. Unhydrated cement in low w/c+s, 5% MS concrete 

In low w/c+s concrete without microsilica, portlandite was evident, especially in the 
paste/aggregate transition zone. The presence of ettringite in air voids indicates moist 
conditions. 

High w/c+s concrete with 14% microsilica showed no portlandite (due to pozzolanic reaction). 
The cement appeared fully hydrated. 

In the high w/c+s concrete without microsilica, much portlandite was found, both in the matrix 
and in pores. 

Porosity and capillary absorption 

Capillary suction and porosity were tested using internal SINTEF procedure KS 70 110. Table 5 
gives average results (average of four parallel samples) 

Table 5. Capillarity and porosity 

Recipe Resistance 
number 

 
x 107 s/m2 

Capillary 
number 
x 102 

kg/m2s0.5 

Suction 
porosity 

% 

Open macro 
pores, 

% 

Closed 
macro 
pores  

% 

w/c+s=0.45,  
5.4% microsilica 

4.1 2.06 13.9 0.2 1.4 

w/c+s=0.42,  
no microsilica 

3.7 2.01 12.9 0.1 2.4 

w/c+s=0.68,  
13.8% microsilica 

6.1 1.69 13.7 0.2 3.5 

w/c+s=0.56,  
no microsilica 

3.0 2.29 13.2 0.2 2.7 
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5. CONCLUSIONS AND SUMMARY 

A main lesson to be learned is that old information should be checked as carefully as possible. 
The problems experienced concerning mixture design show this to be absolutely necessary. 

This concrete has been exposed close to salt water, but protected from rain. Chloride exposure 
has been from airborne chlorides and possible splashing. 

The results show a dramatic effect of microsilica on the resistance to chloride penetration; 
otherwise the most important observations are: 

• Strength has consistently increased for all concrete qualities since 28 days. 

• Chloride profiles for non-microsilica concrete indicate convection type chloride transport. 

• Carbonation is likely to have influenced the shape of chloride profiles near the surface. 

• After 22 years, the concrete with low w/c+s and microsilica still had unhydrated cement. 

• Nominal and real mixture compositions were very different – especially for the microsilica 
concretes. 

• Low chloride transport and high electrical resistivity of the microsilica concretes indicate 
that the corrosion protection of the steel reinforcement should be very good. 
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ABSTRACT 

 
Crack sensitivity calculations for young concrete are strongly influenced 
by the coefficient of thermal expansion (CTE) values for the concrete. 
This paper demonstrates the strong effect of moisture content on CTE, 
and discusses the mechanism(s) behind. The temperature variation of the 
relative humidity (RH) exerted by the pore water is quantified and used to 
explain the high CTE of partly dried specimens. From a practical point of 
view crack sensitivities may be reduced by keeping the concrete as wet as 
possible during the early phase. This minimizes CTE and will largely 
eliminate autogenous shrinkage. 

 
Key words: Cement paste, concrete, thermal expansion coefficient, 
moisture content, pore water thermodynamics 

 
 
1. INTRODUCTION 

 
The current worldwide interest in early age cracking problems in structures with High 
Performance Concrete (HPC) has led to intensive work on autogenous deformations. This 
concentration has resulted in neglect of the, normally even more important, thermally induced 
deformations. CTE is often just given a constant default value in calculation programs, while we 
know that it varies strongly both with concrete mix constituents (particularly aggregate type) 
and time (degree of self-desiccation). Fig. 1 (1, 2) shows typical behaviour from early times for 
a pure cement paste (a) and a concrete (b) with the same paste as binder (about 28 vol%). Note 
that “DCS” in the figure means degree of capillary saturation, which equals to degree of water 

saturation (and 10-6 = microstrain = µs). Both curves are for sealed hydration up to the time 
when the specimens are immersed in water. Before setting both cement paste and concrete have 
very high CTE values since no solid framework exists and the continuous water phase controls. 
CTE reduces as solids form, reaching a minimum value around the final set, which points are 
shown in Fig. 1. From then on CTE increases as self-desiccation proceeds. The increase for 

paste is about from 10 µs/oC to 22 µs/oC, and the reduction after water immersion back to 13 

µs/oC. For concrete the equivalent numbers are about from 7 µs/oC to 11 µs/oC, and back to 7 
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µs/oC. These numbers demonstrate clearly the dominant influence of the water content on CTE; 
for the concrete CTE returns to the exact same value it had on setting after full saturation at an 
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Figure 1 - Effect of the degree of capillary saturation (DCS) on the Coefficient of Thermal 

Expansion (CTE) of: a) cement paste (w/b = 0.40 and 5% silica fume) and b) concrete with the 

same paste as binder (28 vol%). Bjøntegaard (1) 
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age of 11 weeks, i.e. the hydration has no net effect on the CTE in saturated state (!). The 
moisture effect is clearly very important from a practical point of view, and simple in the sense 
that the CTE value of a given concrete can be controlled by controlling the moisture content. 
Minimum CTE is obtained in a wet state, i.e. by supplying an internal water source during 
curing two important benefits are obtained: the autogenous deformation is reduced or eliminated 
and CTE is minimized. 
 
This dramatic effect of moisture content on CTE has been demonstrated repeatedly for mature 
cement pastes since the classic work by Meyers 1951 (3). Powers 1958 (15), Helmuth 1960 (4), 
Dettling 1964 (5) and Bazant 1970 (6) have made significant contributions to our, yet 
incomplete, understanding of the underlying mechanisms. This brief paper gives the authors’ 
current view of the mechanisms as a basis for discussions. 
 
CTE cannot be uniquely defined for concrete, since an imposed temperature change produces 
time dependent deformations. It is therefore a choice what is called immediate deformations 
(ID) and counted as CTE, and what is considered delayed deformation (DD) and, thus, not 
included in the CTE. 
 
In practice thermal equilibrium in a test sample is reached much faster than deformation 
equilibrium, but still ½ - 1 hour is needed in most experimental setups before the temperature 
gradient is small enough to allow ID to be defined. Often in the literature CTE is found from 
dynamic experiments, i.e. deformations are recorded during heat-cool cycles. If there is no 
hysteresis then CTE is uniquely defined as the slope of the curve in a T vs. deformation plot; 
however, in practice there is hysteresis that depends both on the specimen size, the rate of 
temperature change and the magnitude of DD, producing a CTE value that may depend strongly 
on all the experimental conditions. 
 
For hardening concrete an additional complication exists. Under realistic temperature 
development (heating followed by cooling) the total deformation can be measured relatively 
easily. To separate the total deformation into its thermal and autogenous components the best 
procedure is to calculate the thermal part by using the temperature history and the relevant CTE 
(1, 2). The thermal part is then subtracted from the total to produce the autogenous part. 
However, this autogenous part will also include a time dependent component (i.e. delayed 
deformation = DD), which is a function of the moisture content as discussed below. The 
consequence is that definition of the “pure” autogenous deformation under realistic temperature 
conditions is very complex. This “DD-complication” is probably the main reason why the 
autogenous deformation depends strongly on the temperature history, as discussed in (1, 2, 7). 
 
 
2. MECHANISMS 

 
There appears to be general agreement in the literature that both the strong dependence of CTE 
on moisture content and the existence of DD are related to temperature-induced redistribution of 
moisture in the pore system. We share this view and will discuss the mechanisms in three 
categories, roughly (but not entirely) corresponding to those proposed by Bazant (6). 
 
1) Pure thermal dilation 
2) Thermal shrinkage or swelling 
3) Relative humidity change 
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2.1 Pure thermal dilation 

 
Each constituent material (solid particles, adsorbed water, pore water etc.) has a CTE value. 
CTE of water is much higher than CTE of solids and water in small pores probably has higher 
CTE than bulk water. Thus, a very fast temperature increase followed by an isothermal period 
will lead to fast expansion (ID), followed by a time dependent contraction (DD) as the induced 
excess pressure in filled pores is dissipated by flow to the outside or to partly empty pores. 
Scherer (8) and Ai et al. (9) have used this phenomenon to measure water permeability in 
saturated cement pastes. Depending on the permeability of the paste and the distance to 
available “sinks”, the pressure relief may be fast or slow, i.e. it may appear as ID and hence be 
counted in CTE, or as DD. The literature shows that DD is much more prevalent in saturated 
samples than in partly dried. Thus, for concrete in practice where the most normal moisture state 
is “natural self-desiccated condition” less DD is found, and any pressure relief mechanism is 
presumably very fast and counted as ID and part of CTE. 
 
 
2.2 Thermal shrinkage and swelling 

 
Pore water can roughly be divided into two types. Gel water, a collective term for water which is 
strongly influenced by its proximity to solid surfaces; i.e. interlayer water, adsorbed water and 
water in very small pores (gel pores). Capillary water is water in larger pores (smallest 
dimension over a few nm), and it is commonly treated as bulk water under the influence of 
capillary tension when the sample is not fully saturated, i.e. when curved water- air menisci 
exist. At saturation there is no capillary tension, but the water in these “larger” pores is still 
commonly referred to as capillary water and the pores as capillary pores. 
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Figure 2 - Entropy of adsorbed water (relative to saturated vapor). HCP = Hardened Cement 

Paste, PVG = Porous Vycor Glass. Low relative vapor pressure is associated with gel water, 

higher values with capillary water. Note that large ordinate values mean large change from 

vapor state, i.e. low absolute entropy - as also demonstrated by the ref. water and ice lines. 

Radjy, Sellevold and Hansen (10). 
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Equilibrium requires that the chemical potential (molar Gibbs free energy) of coexisting water 
phases is equal both before and after a temperature change. The rate of change of the chemical 
potential of a water phase with respect to increasing temperature is the negative of the entropy. 
The entropy of gel water is lower than that of capillary water as shown in Fig. 2, Radjy, 
Sellevold and Hansen (10). Thus, a sudden increase in temperature leads to a higher chemical 
potential in gel water than in capillary water, setting up a driving force for an internal 
redistribution of water from gel to capillary pores. This is expected to lead to shrinkage, i.e. 
sudden heating of cement paste sample is expected to produce a sudden expansion followed by a 
time dependent contraction. On cooling the opposite effect is expected; a sudden contraction 
followed by a time dependent expansion as water moves from capillary pores to the gel. It is 
perhaps difficult to visualize how water can redistribute in a saturated sample, i.e. when there is 
no available space. The theory is that, for example, cooling will force water to the gel pores in 
an amount necessary to increase the local pressure (disjoining pressure) enough to establish 
equilibrium in chemical potential with the water in capillary pores. This pressure in the gel 
water will produce expansion. 
 
In less than saturated samples the situation is that the gel pores are full, but the capillary pores 
partly empty and with the water under capillary tension. The redistribution takes place as for 
saturated samples, in theory, implying the possibility of a situation after cooling when the gel 
water is under pressure (disjoining) while the capillary water is under tension. This situation 
produces chemical potential equilibrium, but the physical reality of the situation is perhaps 
questionable. It should be added that it is impossible to calculate the magnitude of any of the 
redistribution effects with any reasonable certainty. The thermodynamic arguments tell us in 
which direction water moves, but quantification requires much more basic data than we have 
presently. 
 
Powers (15) and Helmuth (4) explained DD results for saturated specimens only in terms of this 
gel-capillary redistribution mechanism, and did not consider the excess pressure mechanism due 
to high CTE of water discussed above. We consider that the gel-capillary mechanism is slow so 
that it mainly results in DD, and therefore cannot explain the very large effect of moisture 
content on CTE shown in Fig.1. Note that Helmuth did consider the gel-capillary mechanism 
responsible for the moisture effect on CTE, arguing that at 82% degree of water saturation there 
was “…not enough capillary water to allow redistribution” - i.e. it is the absence of 
redistribution that is responsible for the high CTE at 82% saturation. We do not share this view, 
and we recognize that the fact that there is very little DD in the 82% saturation sample is 
difficult to reconcile with the gel-capillary redistribution mechanism being primary responsible 
for the large DD in saturated samples. The excess pressure mechanism appears more consistent. 
 
 
2.3 Relative humidity change 

 
The raw data in the project to obtain enthalpy and entropy of pore water (10) was vapour 
pressure vs. temperature for a given cement paste at different moisture contents. Fig. 3 shows 
such data in a principle sketch. A characteristic of the results is that the curves are nearly 
straight lines, and that the slopes increase as the moisture contents are reduced, i.e. that the 
enthalpy of the pore water decreases with decreasing moisture content, see Fig. 4, as is true for 
all adsorbent/adsorbate systems. Fig. 3 illustrates clearly a very important aspect: If the lines 
were parallel then the RH would be independent of temperature (easy to prove mathematically, 
remembering that at any given temperature, RH equals the vapour pressure exerted at a certain 
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moisture content divided by the saturation vapour pressure). When the lines are not parallel as in 
Fig. 3 the result of heating from T1 to T2 is that RH increases, since: 
 

oo
p

p

p

p
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1

2

2 >    hence RH2 > RH1 

 
This effect has been measured by several researchers (6, 10, 11, 12, 14), and has important 
consequences for CTE. The effect is shown in Fig.5, which is taken from (10). The scatter 
between the three sources is large, but the magnitude of the effect is at least indicated. It should 
be noted that the data from (10), (11) and (12) were obtained using very different principles of 
measurement. New data by Nilsson (14) is roughly in line with the plot, but also shows a clear 
w/c-effect; the %RH/oC-factor decreases as the w/c increases. The phenomenon is further 
discussed in (10). 
 
The consequences of the RH-increase on heating for CTE may be estimated using Fig.5 and 
isothermal shrinkage data, for example Hansen (13). A mature paste (w/c=0.4) cured isolated 
may self-desiccate to 85% RH (the value depends on the cement). The %RH/oC-factor may be 

about 0.2%/oC (Fig.5), and the slope of the shrinkage-RH curve about 60 µs (microstrain) per 

%RH (13). Then the apparent CTE from this mechanism becomes 0.2 x 60 = 12 µs/oC. Fig.1 

showed CTE to be 22 µs/oC for the 88% saturated paste (roughly corresponding to RH=85%), of 

which then maybe 12 µs/oC are caused by the RH-effect. 
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Figure 3 - Vapor pressure exerted by pore water in hardened cement paste vs. inverse of 

temperature for different constant water contents. Principle sketch. 
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Figure 4 - Enthalpy of adsorbed water (relative to saturated vapor). HCP = Hardened Cement 

Paste, PVG = Porous Vycor Glass. Radjy and Sellevold (10) 
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Thus, the RH-mechanism alone is able to explain the whole moisture content effect on CTE. 
However, note the uncertainty in the value 0.2%/oC taken from Fig.5, i.e. the explanation should 
only be considered a possibility since it works in principle and has the right order of magnitude. 
It is of course implied that the RH-effect is fast and the resulting deformation is ID - and hence 
recorded as part of the CTE. How this RH-mechanism works in physical detail is not obvious. 
One model is sketched here: At 88% saturation the paste certainly contains water under capillary 
tension due to existence of air-water menisci. Possibly is each meniscus the interface between 
the air and a significant volume of pore water. A temperature increase will lead to expansion of 
this water, which again can result in increased radius of the meniscus as the waterfront moves 
outward. The increased radius leads to an increased RH according to the Kelvin equation. The 
increased temperature also leads to reduction of the air-water interfacial tension - again 
increasing the RH. Thus, the RH-increase due to heating at constant moisture content can be 
explained. The model is discussed in more detail in (1) and (10). 
 
 
3. CONCLUSIONS 

 
Crack sensitivity calculations for young concrete are strongly influenced by CTE values for the 
concrete, since in most cases the thermal deformations are more important than the autogenous 
in generating stresses. This paper demonstrates the strong effect of moisture content on CTE, 
and discusses the mechanism(s) behind. From a practical point of view crack sensitivities may 
be reduced by keeping the concrete as wet as possible during the early phase. This minimizes 
CTE and will largely eliminate autogenous shrinkage. 
 
From a fundamental point of view the situation is less clear. It is satisfactory that the RH-
mechanism apparently alone is able to explain the effects of moisture content on CTE. However, 
the role of the different mechanisms at various moisture contents, and in particular their 
relationship to DD, cannot be coherently explained today. In our view the most urgent need is 
for more experimental data, starting with mature hardened cement pastes in well defined 
moisture conditions. This is a necessary first step before introducing the complexities of 
changing temperatures in hydrating systems. 
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ABSTRACT 

 

The corrosion of steel in concrete may occur when carbonation has destroyed 

the protective passivation layer on the steel. Carbonation of concrete is a 

slow phenomenon and in laboratory studies special treatments are often used 

to accelerate carbonation to enable the corrosion of steel to start earlier. With 

accelerated methods it may be, however, not possible to achieve exactly the 

same result as due to the natural carbonation. This study investigated the 

effects of accelerated carbonation on the concrete and the potential 

differences between naturally carbonated concrete especially from the 

corrosion point of view. Corrosion rate and corrosion potential of steel bars 

in naturally and accelerated carbonated concrete was measured with 

computer-aided monitoring system. According to electrochemical 

measurements the corrosion rate in accelerated carbonated concrete may be 

smaller than in naturally carbonated concrete. 

 

Keywords: carbonation, corrosion, accelerated carbonation, concrete 

 

1. INTRODUCTION 

 

1.1 Background 

 

Among the most pressing concerns for the durability of structural concrete is the corrosion of 

reinforcement. It has recently received much attention as a topic of numerous experimental 

studies.  

 

Reinforcing bars in alkaline concrete are protected from corrosion by a thin passivation layer. 

Corrosion may start when this passivation layer is destroyed, either by chloride penetration or due 

to the lowering of the pH by the carbonated concrete. Only carbonation is dealt with in this study. 

 

Carbonation of concrete is a chemical reaction where atmospheric CO2 diffuses into the pore 

system of concrete through the pores of concrete and causes changes into the chemical 

composition of concrete. In carbonation the carbon dioxide reacts principally with calcium 

hydroxide to form calcium carbonate [1][2]: 

 

OHCaCOCOOHCa 2322)( +→+  

 

The calcium hydroxide is not the only substance that reacts with CO2; the other hydration 

products and even the residual unhydrated cement compounds also take part into carbonation 

reactions [3].  
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Due to carbonation, the alkalinity of the pore fluid drops from a pH value exceeding 12.6 to a 

value about of 8.0. A critical pH value, where the passive layer cannot protect the steel anymore is 

around 11.4 [1]. Below that level corrosion starts if there is enough moisture and oxygen present. 

 

The volume of formed calcium carbonate exceeds that of the parent hydrate. This is why 

carbonation reaction generally causes a reduction in porosity [1]. According to [4] smaller pore 

diameters are reduced in diameter in carbonation. The effect does not seem to be significant in 

larger pores. The reduction of permeability due to carbonation is generally agreed, but also 

contradictory results, especially concerning specimens with low strength, have been published [5]. 

 

Carbonation of concrete is relatively slow under natural conditions. The progress of carbonation 

depth can be modelled by the following equation [6]:  

 

tkx ⋅=  

 

where  x is carbonation depth [mm] 

  k is carbonation coefficient [mm/a
0.5

] 

  t is time [a] 

   

Because of the slow phenomenon, the investigation of carbonation is usually conducted under 

accelerated conditions, with higher CO2-concentrations, for example 4 %-vol, to speed up the 

process. Four weeks of accelerated carbonation in 4 %-vol is often considered as equivalent to 

approximately 4 years in natural conditions [7] [8].  

 

The various factors influences carbonation [1] [4] [9]: 

- The permeability of concrete 

The permeability of hardened cement paste is affected by the type of cement, the 

water/cement ratio, the degree of hydration (curing) and the compaction of the concrete. 

Correspondingly the moisture content of the concrete is also a substantial factor. The 

presence of water is necessary for carbonation. On the other hand, if the pores of concrete 

are saturated, the diffusion of carbon dioxide is slow. The diffusion rate of CO2 in water is 

about four decades lower than in the air. According to [1], the rate of carbonation reaches 

its maximum at the range of the relative humidity of 50 to 70 %. 

- The amount or reactive material 

Cement content, type and quality affect the carbonation; the more the cement, the more 

calcium hydroxide and the longer it takes to carbonate. Also the total alkalinity available 

to react with CO2 influences carbonation. 

- The content of CO2 in the air. 

For most of the concretes studied in [7], increase of the carbon dioxide concentration 

beyond 4 % had little effect on carbonation rates.  

- Temperature 

According to [10] the rate of carbonation is very weakly sensitive to temperature (RH 65 

%).  

 

The corrosion of steel in concrete is an electrochemical reaction where corroding steel acts as an 

anode (where steel dissolves as positive ions into the electrolyte) and cathode (where water reacts 

with oxygen producing hydroxyl ions). The reaction requires also an electrolyte in which ions 
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migrate towards each other to form corrosion products (rust). An electron conductor between 

anodic and cathodic areas (steel) is also essential for the reaction [1] [11] [12].  

 

The electrochemical sub-reactions are (Fig. 1)[12]: 

 

Anodic:  −+
+→ eFeFe 22  

Cathodic:  −−
→++ OHeOOH 442 22  

 

 
Figure 1 - Electrochemical reactions of steel corrosion in neutral or alkaline solution [12]. 

 

The rate of corrosion in chloride-free concrete depends on [12]: 

- pH of pore solution 

- Resistivity of electrolyte 

- Oxygen supply 

- Temperature. 

 

1.2 Objective 

 

The aim of this study was to establish whether representative specimens can be prepared by 

accelerated carbonation for studying active corrosion of reinforcement.  

 

The study was limited to the effects of carbonation and carbonation induced corrosion in 

specimens which contain OPC. Chloride-induced corrosion, the effects of admixtures and 

different cementitious materials, like fly ash, ground granulated blast furnace slag and silica fume, 

were excluded. 

 

2. TEST PROGRAMME 

 

The protective properties of concrete specimens against corrosion and the corrosion rate of steel 

in carbonated concrete were tested using electrochemical methods. The samples were carbonated 

either in natural environment or under accelerated conditions. The effects of carbonation on the 

pore structure of concrete were determined with cup tests. Water absorption tests were used to 

study the capillarity of the specimens.  

Carbonation chamber 
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Accelerated carbonation has been used at least since 1968 [12]. Curing and test conditions have 

varied between different laboratories because there has not been standardised method for this test. 

The accelerated carbonation testing of concrete was reviewed by BRE in 2000 [7]. Based on this 

research, standard recommendations for carbonation system have been given: 

- CO2 level 4 % 

- Relative humidity 65 % 

- Temperature 20 °C 

- Active CO2 control 

- Efficient circulation fan 

- Calibration and logging 

- Reference mix. 

 

The carbonation chamber used in this study satisfies most of the requirements. The relative 

humidity was 75+5 % and no reference mix was used. The progress of carbonation was followed 

using the phenolphthalein test. 

 

The carbonation in the accelerated conditions used in this study can be considered to be roughly 

50 times faster than in normal conditions [8]. 

 

2.1 Electrochemical measurements 

 

The potential measurements can be used to evaluate whether the corrosion of steel takes place. 

When passivation layer protects the steel, the anodic reaction is prevented and the mixed potential 

of steel is relatively high. After the passivation layer is disrupted, the mixed potential decreases. 

The potential can be monitored by half-cell measurements using a simple reference electrode. The 

practical measurement is described for example in [13]. 

 

There are guidelines for interpreting the results of corrosion potential measurements. The 

connection between corrosion potential and probability of corrosion with copper-copper sulphate 

reference electrode is presented in Table 1 [12].  

 

Table 1 – Correlation between half-cell potential and probability of corrosion [13]. 

Half-cell potential vs. CSE Probability of corrosion 

> -200 mV Less than 10 % 

-200…-350 mV Uncertain 

< -350 mV Higher than 90 % 

 

The corrosion rate can be evaluated by polarisation resistance method. In this method the current 

change is examined by the function of electrode potential (polarisation curve). The polarisation 

curve is close to linear near the rest potential. The slope of this linear part is called polarisation 

resistance (∆E/∆I). The corrosion rate (icorr) can be evaluated by the equation [14]: 

 

AR

B
i

p

corr
⋅

=   

 

where B  = coefficient that depends on the Tafel slopes 

 Rp = the polarisation resistance [Ω] 

 A = the area of polarised metal [m²] 
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In the case of steel in concrete 26 mV can be used as the coefficient B when corrosion is in active 

state and 52 mV when corrosion is still in passive state [14].  

 

As for potentials, there are also guidelines to interpret the results of corrosion rates (Table 2): 

 

Table 2 – Levels of corrosion rate [15]. 

Attack penetration 

(µm/year) 

Corrosion rate (µA/cm²) Corrosion level 

< 1 < 0.1 Negligible 

1-5 0.1-0.5 Low 

5-10 0.5-1 Moderate 

> 10 > 1 High 

 

The theoretical background for electrochemical measurements is presented for example in [12]. 

 

The electrochemical measurements in this study were performed with computer-aided 

measurement system, which has been prepared in the Laboratory of Structural Engineering at 

Tampere University of Technology. In this system, the potential is controlled and the passing 

current is recorded. The measurements were carried out using a CSE reference electrode with a 

potential of +318 mV vs. SHE. Passive steel was also used as a reference electrode for short term 

polarisation purposes. The potential shift used for determining Rp was +10 mV and the waiting 

time 40 s. The ohmic drop was compensated by the current interruption method. 

 

Specimens of type 1:  

 

A thin layer (2.5 mm) of OPC mortar was cast on one face of a flat section of steel.  The area of 

the specimen exposed to corrosion was 40*75 mm² the rest of the surface being sealed by 

adhesive tape.  

 

Two kinds of mortar mixes were used. The first (Mix 1) contained OPC and sand (0-0.6 mm) in 

the weight proportions of 1:4.5. The water/cement ratio of the mix was 1.08. The second (Mix 2) 

contained OPC and filler (< 0.125 mm) in the weight proportions of 1:1.6. The water/cement ratio 

of the second mix was 0.74. The reason for the high water/cement ratios was to enable fast 

carbonation. Specimens were cured on wet cloth (the cloth was in contact with water 40 °C) for 

one week after which they were stored at RH 75 % with minimal content of CO2 for at least 2 

weeks. After curing the specimens were covered so that only the area of 20*50 mm² was exposed 

(Fig. 2). 

 

The specimens were divided into three groups (five parallel specimens in each group). One third 

of the specimens were retained alkaline (RH 75 %, CO2 ~ 0 %). One third was carbonated in 

natural conditions (RH 75 %, CO2  0.04 %) for 10 months. The rest was carbonated accelerated in 

4 % CO2 and 75 % relative humidity for 6 months after which they were stored at natural 

conditions (RH 75 %, CO2  0.04 %) for one month. 

 

Three specimens were sealed throughout with the adhesive tape to reveal the possible current 

leaks through the sealing. No measurable corrosion occurred in these specimens during the tests. 
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Figure 2 – Diagram of specimens of type 1. 

 

Specimens of type 2: 

 

Specimens of type 2 were prepared from pieces taken from a demolished concrete shelter built in 

1950s-1960s. The maximum aggregate size of the concrete was 25 - 35 mm. The specimens 

contained reinforcing steel in alkaline and in carbonated concrete. The specimens with alkaline 

concrete were carbonated accelerated for 15 weeks.  

 

For electrochemical measurements an extra layer of mortar (w/c = 0.78) was cast on the rear side 

of the specimens to allow the embedment of steel bars acting as counter and reference electrodes. 

These were steel bars with a diameter of 4 mm and nominal yield strength of 500 N/mm² (B500K) 

(Fig. 3). 

 

 
Figure 3 – Specimens of type 2. 

 

2.2 Cup tests 

 

Water vapour permeability of the specimens was measured by the simple cup tests. In this study 

the cup test were conducted to find out potential differences in porosity between normally 

carbonated and accelerated carbonated specimens. 

 

The cup tests were performed in a chamber with temperature of 20 °C and RH of 75 % produced 

by saturated sodium chloride solution. The chamber was equipped with a blower to ensure even 

humidity everywhere in the chamber. The relative humidity in the cups was intended to be 97 % 
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(saturated potassium sulphate solution in the cup). According to measurements the RH in the cups 

was around 95 %.  

 

The permeability was determined by weighing the cup periodically until the steady-state was 

reached. In steady-state the rate of change in weight during 7 days was measured and the water 

permeability calculated according to the following equation: 

 

p

d

At

m

p

d
g

∆
⋅

∆
=

∆
=δ , 

 

where   δ = water vapour permeability [kg/(Pa·s·m)] 

  ∆m  = change in weight [kg] 

  A = the area of the specimen [m²] 

  t = time [s] 

  d = thickness of the specimen [m] 

  ∆p = partial pressure gradient  

 

The mix of the mortar was the same than used in the electrochemical measurements (Mix 1): The 

mortar mix contained OPC and sand (0-0.6 mm) in the weight proportions of 1:4.5. The 

water/cement ratio of the mix was 1.08. To enable fast carbonation the thickness of the specimens 

was minimised. The specimens were 103 mm in diameter and the thickness was 2.7 mm + 0.2 mm 

(Fig. 4).  

 

After a 3 weeks curing in water immersion (water 40 °C) and subsequent drying the specimens 

were placed in rings with inner diameter of 103 mm with melt glue. The rings were placed on the 

top of the cups. The joints were sealed with adhesive tape. Two “blind” cups with impermeable 

specimens were also prepared to reveal the possible leaks through the joints.  

 

During the first measurements the specimens were alkaline. One half of the specimens were then 

carbonated accelerated in 4 % CO2 and 75 + 5 % relative humidity for 3 months. The other half of 

the specimens were carbonated normally in 0.04 %-vol CO2 and 70 % relative humidity for 6 

months. The progress of carbonation depths was determined by the means of phenolphthalein test. 

The 2
nd

 test was started when the specimens were carbonated through. All the specimens were 

stored at 0.04 %-vol CO2 and 70 % RH for one week before testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 – Specimens of type 3. 

Ring  

h = 13 

mm 

Saturated potassium sulphate  

Cup h = 50mm 

Specimen  
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2.3 Water absorption test 

 

In water absorption tests dry specimens are immersed in water completely or partly. The water 

suction is determined by weighing the specimens periodically. Water absorption coefficient is 

calculated according to the following equation: 

 

t

m
A = , 

 

where  A = water absorption coefficient [kg/m²s] 

  m = the change in weight /the area of the specimen [kg/m²] 

  t = time [√s] 

 

In this research the specimens were stored at RH ~ 0 %, and the drying was followed by 

weighing the specimens. When the change in weight had become steady, the specimens were 

placed in vacuum to finish the drying.  

 

The specimens were prepared of the same pieces from a demolished concrete shelter than 

specimens of type 2 used in the electrochemical measurements. The carbonation front was 

measured and the specimens were sawed to specified size. A piece of concrete containing both 

alkaline and carbonated concrete was cut from the carbonation zone. The opposite surfaces (in 

two different specimens) with similar properties were reached: the other specimen was alkaline 

and the other carbonated. The water absorption tests were performed for the both specimens. 

After this the alkaline specimens were accelerated carbonated for 10-12 weeks and the tests 

were performed again. 

 

The dry specimens were covered with water vapour impermeable covering. Only the sawed 

surface was exposed to moisture by capillary contact to free water. The specimens were 

weighted in the time of 1 min, 2 min, 3 min, 4 min, 5 min, 7 min, 10 min, 15 min, 20 min, 30 

min, 45 min and 1 h.  

 

The water suction to the alkaline parts of the specimens is affecting the results after the first 

minutes, so the emphasis was in the first 5 minutes of the test. 

 

3. RESULTS  

 

3.1 Corrosion potential and corrosion rate 

 

The corrosion potential of specimens, which were carbonated in two kinds of conditions were 

monitored to find out any differences between their corrosion tendencies. The corrosion rates 

of specimens were monitored by the polarisation resistance method.   

 

3.1.1 Specimens of type 1, Mix 1 

 

The specimens were monitored when immersed in water. The corrosion potential 

measurements were carried out using a standard SCE electrode. The monitoring was made in 

three periods. At first, the specimens were monitored after 30 min, 3 h and 6 h immersion in 
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water. After the first test the specimens were dried up for one week in RH 75 % after which the 

measurements were performed again. This time the readings were taken after 20 h and 1 week 

immersion. Before the 3
rd

 monitoring the specimens were stored at RH 75 % for one week. The 

specimens were then monitored after 30 min, 3 h, 6 h, 24 h and 7d immersion in water. 

 

The results from potential monitoring are presented in Figure 5 and the results from corrosion 

rate monitoring in Figure 6. All presented values are means of measurements on five 

specimens. 

 

 

 

 

 

In the beginning of the test, the specimens were relatively dry (stored at RH 75 %) and after 30 

minutes immersion the potentials were still high. Potentials of alkaline specimens were in the 

passive zone (>-200 mV vs. CSE) and during the test they fell into the uncertain range (-200 … 

-350 mV vs. CSE). The results of corrosion rate monitoring were congruent with the results of 

potential. The corrosion rates of alkaline specimens were below 0.1 µA/cm² (negligible 

corrosion) and grew a little by the end. It is possible that the passive layer weakened during the 

long immersion due to depletion of oxygen. 

 

During the 1
st
 monitoring, the potentials of carbonated specimens were in the uncertain range (-

200 … -350 mV vs. CSE) after 30 minutes. The corrosion protection due to the passivation was 

rapidly lost in normally carbonated specimens: After 3 hours immersion in water, the potentials 

were below –350 mV and the corrosion rates > 0.5 µA/cm² (moderate). 

 

At first, the corrosion was slow in accelerated carbonated specimens. The potentials remained 

high (>-200 mV or –200 … -350 mV) i.e. the corrosion protection was not lost during the first 

monitoring. The accelerated carbonated specimens lost their corrosion protection ability during 

the 2
nd

 test. After 20 hours immersion the potentials were below –350 mV and the corrosion 

rates were observable. 

  

The specimens were stored at RH 75 % for one week before the 3
rd

 test started (results in 

Figures 7 and 8). In this time, the corrosion rates of carbonated specimens were immediately 

Figure 5 – The potentials of Specimens 1, 

Mix 1. (alk.=alkaline, carb.=carbonated in 0.04 %-

vol CO2, acc. carb.=accelerated carbonated in 4 %-

vol CO2). 

 

Figure 6 – The corrosion rates of Specimens 

1, Mix 1. (alk.=alkaline, carb.=carbonated in 0.04 

%-vol CO2, acc. carb.=accelerated carbonated in 4 

%-vol CO2). 
 

0.0

0.2

0.4

0.6

0.8

1.0

30 min 3h 6h 20h 7d

 I
co

rr
 [

µ
A

/c
m

²]

alk. carb. acc. carb.

-800

-600

-400

-200

0

30 min 3h 6h 20h 7d

 E
co

rr
 v

s.
 C

S
E

 [
m

V
]

alk. carb. acc. carb.



10 

quite high (>1.0 µA/cm², high corrosion rate). There was no significant difference between 

normally and accelerated carbonated specimens after 30 minutes immersion. The corrosion 

started to decrease in time: in accelerated carbonated specimens after 30 minutes and in 

normally carbonated specimens after 6 hours. After 7 days the mean corrosion rate of normally 

carbonated specimens was 0.9 µA/cm² and in accelerated carbonated 0.8 µA/cm² (representing 

both moderate corrosion). Also the corrosion potentials decreased during the second test.  
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3.1.2 Specimens of type 1, Mix 2 

 

The curing, carbonation and storing of the specimens were similar than with specimens of Mix 

1. 

 

The results from potential monitoring are presented in Figure 9 and the results of corrosion rate 

monitoring in Figure 10. All presented values are means of measurements on five specimens. 

 

 

Figure 7 – The potentials of Specimens 1, 

Mix 1 during 3
rd

 test.  
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2, 

acc. carb.=accelerated carbonated in 4 %-vol CO2). 

Figure 8 – The corrosion rates of Specimens 1, 

Mix 1 during 3
rd

 test.  
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2,  

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
 

Figure 9 – The potentials of Specimens 1, 

Mix 2.  
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2,  

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
 

Figure10 – The corrosion rates of Specimens 1, 

Mix 2.  
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2,  

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
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The loss of corrosion protection by depassivation was very similar with normally and 

accelerated carbonated specimens. Within 3 hours the corrosion potentials of them had dropped 

to zone < -350 mV. 

 

Corrosion in the normally carbonated specimens was fast (> 1.0 µA/cm²) after 3 hours. Even 

after 30 minutes, the corrosion rate was higher than 0.50 µA/cm² (moderate corrosion).  

 

The corrosion rate in accelerated carbonated specimens was much slower: < 0.50  µA/cm² 

during the 1
st
 test and around 0.6 µA/cm² during the 2

nd
 test.  

 

Corrosion in the alkaline specimens was negligible. 

 

The results from 3
rd

 potential and corrosion rate monitoring are presented Figures 11 and 12. 

The corrosion rates of carbonated specimens were immediately after 30 minutes really high 

(>3.0 µA/cm²). The corrosion in the normally carbonated specimens was faster than in 

accelerated carbonated specimens. The corrosion started to decrease in time. After 7 days the 

mean corrosion rate of normally carbonated specimens was 2.4 µA/cm² and 1.2 µA/cm² in the 

accelerated carbonated specimens (both fast corrosion). The corrosion potentials decreased 

during the third test.  

 

 

 

 

 

 
 

3.1.3 Specimens of type 2 

 

With these specimens it was impossible to compare the initiation of the corrosion because of 

the different thickness of the concrete covering. The objective was to found out whether the 

corrosion is in longer term as fast in accelerated carbonated concrete than in naturally 

carbonated concrete.   

Figure 11 – The potentials of Specimens 1, 

Mix 2 during 3
rd

 test.  
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2, 

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
 

Figure 12 – The corrosion rates of Specimens 

1, Mix 2 during 3
rd

 test.  
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2,  

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
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Corrosion potentials of working electrodes were monitored unconventionally by using passive 

steel bars in alkaline concrete as a reference.  

 

Before testing the specimens were stored at RH 75 % and 20 °C. The monitoring was made in 

two parts. First the specimens were laid down on wet cloths which were in contact with water 

(air RH 75 %, 20 °C). The specimens were monitored after 4 h, 1 d, 2 d, 4 d and 1 week contact 

with water. After the first test the specimens were removed to conditions of RH 97 % with no 

water contact. This time the readings were taken after 1, 2, 3 and 4 weeks after moving in 97 % 

RH. 

 

The results of corrosion potential monitoring are presented in Figure 13. The results of 

corrosion rate monitoring are presented in Figure 14. Presented values are means of 

measurements on 8-10 specimens. 
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Figure 13 – The results of potential measurements (Specimens of type 2). 
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Figure 14 – The results of corrosion rate measurements (Specimens of type 2). 

 

The corrosion potentials dropped to the level -450 … -550 mV in one week. After the water 

contact was removed and the specimens were stored at RH 97 %, the corrosion potentials 

raised remarkably. After 4 weeks the corrosion potential was so high that the probability of 

corrosion was minor.  
 

The maximum corrosion rate was achieved rapidly after the specimens were laid in contact 

with water. The corrosion in naturally carbonated specimens was somewhat higher than in 

acceleratedly carbonated specimens. The corrosion rate of accelerated carbonated specimens 

was about 35 % smaller after 7 days than in normally carbonated specimens.  
 

In RH 97 % the corrosion was low in both cases. 

 

3.2 Cup tests 

 

The results of cup tests are presented in Table 3. All the values presented in the table are means 

of measurements on four identical specimens.  

 

Table 3 – The permeability related quantities calculated from the results of cup tests. 

CO2 0.04 % CO2 4 % 

  alkal. carb. alkal. carb. 

Water vapour diffusion 

resistance (Z) 10
9
 [m²sPa/kg] 

1.58 1.08 1.67 1.24 

Water vapour 

permeability (δ) 10
-12

 [kg/msPa] 
1.77 2.56 1.62 2.16 

 

The water vapour permeability is known to be a moisture-dependent material property. To 

determine an exact value, the cup test should be performed in different moisture levels. In this 

study the aim was not to determine the exact value, but to find differences between specimens. 
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The mean δ of normally carbonated specimens was 2.6 kg/msPa and mean δ of accelerated 

carbonated specimens 2.2 kg/msPa. The changes during carbonation were correspondingly 45 

% and 34 %. The results of single specimens are presented in Table 4.  

 

The other blind cup had a little leakage. This may have influenced the results. 
 

Table 4 – The single results of cup test method. 

Water vapour 

permeability [δ] 
Water vapour diffusion 

resistance [Z] 

10
-12 

[kg/msPa] 10
9
 [m²sPa/kg] 

  alkaline carbonated alkaline carbonated 

1d 1.72 2.50 1.69 1.16 

1e 1.94 2.45 1.27 1.01 

1f 1.59 2.59 1.78 1.10 
CO2 0.04% 

1g 1.83 2.72 1.58 1.07 

2d 2.00 2.62 1.30 0.99 

2e 1.33 1.92 2.10 1.46 

2f 1.39 1.83 1.84 1.40 
CO2 4% 

2g 1.75 2.29 1.45 1.11 

T1 0.02 0.12 117.66 17.08 
Blind cups 

T2 0.00 0.01 ∞ 168.34 

 

3.3 Water absorption test 

 

The curves of water absorption were determined for each specimen and the water absorption 

coefficients were calculated. The curve of one specimen is presented as an example in Figure 

15. The other curves were almost identical. It can be seen from the curve, that the change in 

weight was the fastest when the specimen was alkaline. Carbonation clearly retarded water 

absorption. The effect was bigger when accelerated carbonation was used. 
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Figure 15 – The curve of water absorption. 

 

The water absorption coefficients of each specimen after 1 and 5 minutes are presented in 

Figures 16 and 17. The carbonated and the alkaline surfaces are reached from same pieces of 

concrete (Fa…Vd) by removing concrete from the carbonation zone. The accelerated 

carbonated surface is the alkaline surface after carbonation.  
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After 1 hour the water front had reached the alkaline parts of the specimens and the water 

absorption coefficients of carbonated specimens were higher. 

 

4. DISCUSSION 

 

The corrosion rate of specimens made of Mix 1 was slower in accelerated carbonated 

specimens than in naturally carbonated specimens. In the 1
st
 test, the mean rate of accelerated 

carbonated specimens was 34 – 38 % smaller than in normally carbonated specimens. In the 2
nd

 

test the mean rate of accelerated carbonated specimens ended up to be 15 – 20 % smaller than 

in normally carbonated specimens. 

 

During the 1
st
 test the corrosion rates increased during the tests because the corrosion was 

starting. Immediately in the beginning of the 2
nd

 test the corrosion rates reached their maximum 

and decreased by time possible due to depletion of oxygen. 

 

The corrosion in specimens made of Mix 2 was much faster than in specimens made of Mix 1. 

In the 1
st
 test, the mean rate of normally carbonated specimens was 3-4 times faster during the 

first 6 hours and later 2-3 times faster than in accelerated carbonated specimens. In the 2
nd

 test 

the difference was smaller: mean rate of normally carbonated specimens was 1.2-2 times of that 

in accelerated carbonated specimens. 

 

Monitoring of specimens 2 indicated also that corrosion is faster in naturally carbonated 

specimens: the mean corrosion rate in accelerated carbonated specimens was 35 % slower than 

in naturally carbonated specimens.  

 

The water vapour permeability of the specimens increased during carbonation. This is 

contradictory with the common understanding, but also corresponding results are being 

introduced /5/. There were no significant differences between accelerated and normally 

Figure 16 – The water absorption 

coefficients recorded after 1 minute. 
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2, 

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
 

Figure 17 – The water absorption 

coefficients recorded after 5 minutes. 
(alk.=alkaline, carb.=carbonated in 0.04 %-vol CO2, 

acc. carb.=accelerated carbonated in 4 %-vol CO2). 
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carbonated specimens. The water vapour permeability of accelerated carbonated specimens was 

16 % smaller than in normally carbonated specimens. The scatter of the results was quite wide 

which may have been caused by leakages from the cups or by measuring errors. In small 

number of specimens even one difference may affect the results remarkable. 

 

According to the water absorption tests, the carbonation makes the concrete denser. This effect 

is more pronounced in accelerated carbonated specimens than in naturally carbonated ones. The 

water absorption coefficients of accelerated carbonated parts were approximately 40 % smaller 

than in naturally carbonated parts during the first 5 minutes. It was impossible to perform the 

tests to all groups of specimens in the same time because of the frequent weighing. That’s why 

the results may have been affected for example by the drying of the specimens and different 

initial moisture content.   

 

5. CONCLUSIONS 

 

The data of this study shows that there are some differences between natural and accelerated 

carbonation.  

 

Carbonation reaction generally causes a reduction in porosity. According to this study the 

effect may be more pronounced when using accelerated methods. The water vapour 

permeability and water absorption coefficients of accelerated carbonated specimens were 

smaller than in normally carbonated specimens. The effect was also observed as differences in 

resistivity: The corrosion rate was 15-50 % smaller in accelerated carbonated specimens (4 %-

vol CO2) than in naturally carbonated specimens (0.04 %-vol CO2).     

 

According to the results of this study, the corrosion rate results received with accelerated 

carbonation may be 15 - 40 % smaller than in naturally carbonated concrete. This should be 

taken into consideration when using accelerated carbonation for studying corrosion. However 

accelerated carbonation enables corrosion of steel to start much earlier which is a remarkable 

benefit when studying corrosion of steel. 
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ABSTRACT 

Limestone filler is increasingly used, among other things as 
replacement for clinker in cement and as addition to self-
compacting concrete. There are research results presented in the 
literature on how limestone filler affects the material properties of 
concrete but still much knowledge is lacking. This is relevant not 
least for young concrete used at low temperatures under winter 
conditions. This paper presents results from an investigation aiming 
to increase knowledge on the performance of limestone filler under 
cold, severe climatic conditions. The main focus is on the strength 
development of young concrete. 
 
The results clearly indicate that curing temperature significantly 
influences the efficiency of limestone filler. The efficiency increases 
with decreasing temperature. 

 
Key words: cement, early-age, efficiency, limestone filler, low 
temperature, strength.  

 
 

1. INTRODUCTION 

 
1.1 Background 

 

The use of limestone filler in concrete has increased considerably during the last decade. 
Limestone is partly used as replacement for clinker in cement. In Sweden, for example, the most 
common cement today is a Portland-limestone cement with a limestone content of about 15 %, 
corresponding to CEM II/A-LL in EN197-1 [1]. Limestone filler is also used in self-compacting 
concrete (SCC) in order to improve the rheological properties and the stability. Typical 
quantities for SCC are about 100 kg limestone filler per m3 of concrete. 
 
It has been observed that limestone filler sometimes has a positive effect on strength and 
strength development. A so-called “filler effect” is given as reason for this influence. The 
mechanisms behind this effect are not fully understood but they are mostly considered to be of a 
physical nature, e.g. by filling voids between grains of cement clinker. Goldman and Bentur [2] 
suggest that a fine filler, with particle size smaller than 0.073 µm, even though inert, increases 
strength in concrete because the transition zone between the paste and the aggregates becomes 

mailto:monica.lundgren@sp.se
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denser. According to the authors this effect of physical nature, called “microfiller effect”, is 
present also when reactive fillers are used, e.g. silica fume, and can be at least as significant as 
the pozzolanic effect on the development of strength in concrete.  
 
Limestone filler is normally considered to be an inert material, although its effects may also be 
of chemical nature [3], implying among other things increased rate of reaction of the C3S. A 
chemical activity of the limestone filler when used in cement and concrete is also sustained by 
some more recent studies. Bonavetti et al [4] indicated an increased degree of hydration in 
cement pastes due to the presence of limestone filler. Tsivilis et al [5] found increased amount of 
CH and of non-evaporable water in limestone cement paste, which would imply an improved 
hydration of the alite. Studies by Péra et al [6]  suggest an accelerating effect of limestone on the 
hydration of cement and show that different hydration products are formed due to the presence 
of CaCO3. A general observation is that transformation of ettringite into monosulfate is delayed 
by the calcium carbonate [3, 7, 8].  
 
Although a number of  studies have been dealing with limestone as filler in concrete it is still not 
fully understood how the use of limestone filler influences the concrete strength, or which are 
the mechanisms behind the effect of limestone filler on the strength development in concrete. 
Almost all the studies presented in the literature are carried out at room temperature and at an 
age of about a month. Very little, if anything, is presented about the effect of limestone filler on 
the strength development at temperatures below 20 °C and at early age.  
 
This paper presents results from a project where the early-age strength development at low 
temperature has been studied for concrete containing limestone filler. Limestone filler produced 
of carbonated rocks from different quarries and with different finenesses have been studied, in 
combination with parameters like the water-binder ratio of the mixture, age and temperature. 
 
In EN 206-1 [9] the efficiency of type II additions, i.e. reactive ones such as most fly ashes and 
slags, is given by the k-value. The k-value defines how many parts by weight of ordinary 
Portland cement can be replaced by one part of a specified mineral addition without changing 
the concrete properties, especially where durability aspects are concerned. In this paper, 
however, the k-value concept is used also for limestone filler in order to be able to compare 
quantitatively the efficiency of different types and qualities of fillers and how they influence the 
early-age strength development at low temperature.   
 

Tests have been carried out at two different temperatures: 5 °C as the main low temperature and 
20 °C as a reference. The reason is that for structures in many regions, for example in the Nordic 
countries, the temperature at casting and curing lies many degrees below the standard laboratory 
temperature 20–23 °C. In order to perform efficient and safe construction it must be possible to 
estimate the strength development at early ages and low temperatures for all types of concrete, 
also for those containing limestone filler and other types of materials substituting cement and 
aggregates in concrete. 
 
 
2. EXPERIMENTAL PROGRAMME 

 
2.1 Materials  

 
Ordinary Portland cement (OPC) of type CEM I 52.5 R was used as main binder in cement 
mortars, manufactured with Portland cement as the only binder, and in blended mortars, 
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manufactured with cement and limestone filler. Limestone filler was studied as an addition to 
the mortar. It was included as part of the total amount of binder, replacing part of the cement on 
the basis of percent by mass of the total amount of binder. The binder content is defined in this 
paper as the total mass of cement and limestone filler.  
 
Mortar mixtures were manufactured with CEN standard sand and deionised water, in principle 
according to EN 196-1 [10]. No chemical admixtures were used. The cement and the limestone 
filler qualities used are described in Tables 1 and 2. 
 
Table 1 – Cement: clinker composition and physical properties. 

     Particle size  Specific surface 

Cement C3S C2S C3A C4AF Top cut d98% Mean d50% Blaine BET 

 (%) (%) (%) (%) (µm) (µm) (m2/kg) (m2/kg)  

CEM I 52.5R 
(OPC) 

62.8  12.4 5.5 8.3 ~ 32 ~ 7.5 541 1760 

 
 
Limestone is a sedimentary calcium carbonate rock formed through sedimentation. Despite 
identical chemical composition, rocks from different deposits may vary considerably. Crystal 
shape and size, porosity, hardness and reactivity during processing may be very different in 
rocks formed in different environments. A characterization of some of these parameters is given 
in [11]. There are three distinct types of limestone:  

• chalk, a younger, microcrystalline rock, produced by the sedimentation of shells of small 
fossils  

• limestone, a more compact sedimentary rock, with a crystal size between that of chalk and 
that of marble  

• marble, a metamorphic rock with coarse crystals, formed when chalk or limestone 
recrystallised under conditions of high temperature and high pressure.  

 
In order to analyse if differences in mineral properties have any influence on the early-age 
strength development, blended mortars were manufactured with cement and each of these types 
of limestone, as addition. Powders of high-purity chalk (CH), limestone (LL) and marble (MA), 
with a particle size distribution close to the particle size distribution of the cement used (OPC), 
were used for a comparison independent on fineness.  
 
Table 2 – Limestone: chemical composition and physical properties.  

  Particle size Specific surface 

Limestone CaCO3 
(%) 

Top cut d98% 
(µm) 

Mean d50% 
(µm) 

BET 
(m2/kg) 

Chalk (CH) ≥ 98% ~ 30 ~ 2.3 2200  

Marble (MA) ≥ 98% ~ 30 ~ 7 1500 

Limestone (LL) ≥ 98% ~ 30 ~ 5.5 1000  

Limestone,  
coarse fraction  (LLC) ≥ 98% ~ 70 ~ 22 700  

Limestone,  
fine fraction  (LLF) ≥ 98% ~ 3 ~ 0.44 15000 
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For the study of the influence of the fineness of the limestone two more powders were studied:  
- a very fine fraction (LLF), comparable with the limestone fraction found in the Swedish 
Portland-limestone cement of type CEM II/A-LL, and a coarse fraction (LLC) comparable with 
the particle size distribution of a common limestone filler used in self compacting concrete. The 
two fractions LLC and LLF are of same type and from the same quarry as limestone LL. 
 
2.2  Mixtures and tests  

 
The use of limestone as addition was studied primarily on mortar mixtures with 24% limestone, 
tested for compressive strength at the age of 2 days and 7 days, at 5 °C and 20 °C respectively. 
Limestone type LL was studied over a range of water-binder ratio of 0.4 to 0.7. Comparison was 
made between cement mortars with W/C = 0.4–0.7 and blended mortars manufactured with the 
same amounts of water, sand and binder, but by using a mixture of cement and limestone filler 
as binder.  
 
Comparisons between limestone (LL) and marble (MA) or chalk (CH) and the influence of the 
fineness (LL versus LLF and LLC) were made on mixtures with W/B = 0.5. This comparison 
between different type and fineness of limestone filler was also made at 12% limestone content, 
however only limited at the test temperature of 5 °C.  
 
A content of 12% limestone filler is comparable with the amount of limestone in the Swedish 
Portland-limestone cement CEM II/A-LL 42.5 R. 24% limestone is slightly higher than the 
amount of limestone allowed in a cement CEM II/A-L, but the reason for studying this amount 
was based on the assumption that, at a higher amount, the efficiency of limestone addition could 
be better recognized due to a smaller scatter of the results, see for example [12]. 
 
Mortar prisms, 40 x 40 x 160 (mm), were manufactured and tested in principle by following the 
procedures in EN 196-1 [10]. However, some deviations from the standard procedures were 
made, to adjust to the purpose of this investigation:  
 

• mixture proportions were changed, to be able to test mixtures with W/B = 0.4–0.7 and 
having similar consistence, 

• the temperature at manufacture, curing and test was 5 °C and, for some test alternatives, 
also 20 °C for comparison,  

• the binder consisted of cement and limestone (parts of the cement replaced by limestone, 
1:1 by mass).   

 
The proportions of the mixtures were chosen with consideration to the consistence of the fresh 
mortar. This was measured on a flow table according to EN 1015-3. Starting with the 
consistence obtained at 20 °C for a standard mortar with the proportions water:cement:sand 
225:450:1350 (g), new mixtures were set up to reach similar consistence at W/C = 0.4, 0.6 and 
0.7. Then new mixture proportions were determined at 5 °C, to obtain mortars with same 
consistence for these W/C.  
 
However, for the purpose of this research it was more suitable to use the same proportions at 
both 5 °C and 20 °C for each W/C. Therefore the intermediary proportions shown in Table 3 
were chosen, yielding not the same but comparable consistence. Blended cement-limestone filler 
mixtures with W/B = 0.4–0.7 were manufactured with the same proportions water:powder:sand 
as the mixtures, but with parts of the cement replaced with limestone. 
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Table 3 shows the mixture composition of the tested mortars. Cement mixtures were labelled 
according to the rule binder-W/C. Blended mixtures were labelled according to the rule 
limestone type and amount - W/B. The type of limestone filler was coded LL, LLF, LLC, MA or 
CH and the amount of filler (12 or 24) as percent of the total amount of binder. 
 
Table 3 – Mixture composition. Amounts per batch needed for the manufacture of three mortar 

prisms 40mm x40mm x160mm.  
Cement 
mortars 

W/C Water  
(g) 

Cement 
(g) 

Sand 1) 
 (g) 

Blended 
mortars  

W/B 2) Cement 
 (g) 

Limestone 
(g) 

W/C 

OPC-0.4 0.4 288 720 1350 LL24-0.4 0.4 547.2 172.8 0.53 

OPC-0.5 0.5 240 480 1350 

LL12-0.5, LLF12-0.5, LLC12-0.5, 
MA12-0.5, CH12-0.5 

0.5 422.4 57.6 0.57 

     
LL24-0.5, LLF24-0.5, LLC24-0.5, 

MA24-0.5, CH24-0.5 
0.5 364.8 115.2 0.66 

OPC-0.6 0.6 217.5 362.5 1350 LL24-0.6 0.6 275.5 87 0.79 

OPC-0.7 0.7 210 300 1350 LL24-0.7 0.7 228 72 0.92 

1) Same amount of sand was used in both cement mortars and blended mortars. 
2) Water/binder ratio = water/(cement + limestone), by mass. 

 
All the constituent materials were pre-stored at 5 °C or 20 °C before starting manufacturing the 
specimens. The prisms were manufactured, compacted, stored and tested in climate rooms with 
constant temperatures, 5 °C or 20 °C respectively. After mixing, the prisms were compacted 
while in mould, on a vibrating table: 2 times 60 s, at a frequency of 50 Hz and an amplitude of 
0.75 mm. The prisms were cured in moulds for one day, sealed against evaporation, and then 
stored in lime-saturated water until testing.  
 
The main test temperature was 5 °C, but most mixtures were tested at 20 °C as well, for 
comparison with the standard laboratory temperature. The test alternatives are shown in Table 4. 
 
Table 4 – Test alternatives: type of binder and W/B per test age and test temperature. 

Temperature Binder Test age 2 days Test age 7 days Test age 28 days 

 OPC  0.4, 0.5, 0.6, 0.7 0.4, 0.5, 0.6, 0.7 0.4, 0.5, 0.6, 0.7 

5 °C 
OPC 88% 

Limestone 12% 
LL, LLF, LLC, MA, CH 

0.5 
LL, LLF, LLC, MA, CH 

0.5 
LL    
0.5 

 

OPC 76% 
Limestone 24% 

LL 
0.4, 0.5, 0.6, 0.7 

 

LLF, LLC, MA, CH 
0.5 

LL 
0.4, 0.5, 0.6, 0.7 

LLF, LLC, MA, CH 
0.5 

LL  
0.5 

 OPC 0.4, 0.5, 0.6, 0.7 0.4, 0.5, 0.6, 0.7 0.4, 0.5, 0.6, 0.7 

20 °C 
OPC 88% 

Limestone 12% 
LL    
 0.5 

LL     
0.5 

LL   
0.5  

 
OPC 76% 

Limestone 24% 

LL 
 0.4, 0.5, 0.6, 0.7 

 

LLF, LLC, MA, CH 
0.5 

LL 
0.4, 0.5, 0.6, 0.7 

 

LLF, LLC, MA, CH 
0.5 

LL 
0.5 



 6

 
Strength was determined according to EN 196-1. Three prisms per mixture were tested by three-
point flexure test, followed by compressive strength testing on the resulting six half-prisms. The 
test ages were 2 days and 7 days, ± 10 minutes. Tests at 28 days were beyond the purpose of this 
research. However, for a comparison with the standard age, cement mixtures and blended 
mixtures LL24-0.5 and LL12-0.5 were tested at 28 days as well. See Table 4. 
 
 
3 RESULTS 

 
This paper presents the test results of the compressive strength (fc). Based on the compressive 
strength, the efficiency coefficients (k-values) for the different types of limestone fillers were 
calculated.  
 
Table 5 shows the compressive strength for the cement mortars, as mean of six values per 
mixture, and the variation between the lowest and highest test values. 
 
Table 5 – Test results: compressive strength for cement mortars. 

Cement 
mortars 

W/C Air1) 
% 

fc mean value 

(MPa) 
fc min-max 

(MPa) 
Air1) 

% 
fc mean value 

(MPa) 
fc min-max 

(MPa) 

   2 days  5°C   2 days  20°C  

OPC-0.4 0.4 1.7 46.4 44.7-46.9 1.6 62.4 62.1-63.7 

OPC-0.5 0.5 2.3 28.0 27.5-28.6 2.2 46.8 44.7-47.5 

OPC-0.6 0.6 2.5 17.6 17.0-18.3 1.8 34.8 33.6-35.5 

OPC-0.7 0.7 2.5 11.0 10.7-11.2 1.7 25.0 24.4-25.6 

   
7 days 5°C 

  
7 days  20°C 

 

OPC-0.4 0.4 1.7 71.6 70.4-73.2 1.7 71.6 70.1-73.1 

OPC-0.5 0.5 2.2 53.7 53.1-54.2 1.9 58.8 58.3-59.6 

OPC-0.6 0.6 2.6 38.5 38.5-39.1 1.9 45.2 44.4-46.2 

OPC-0.7 0.7 3.2 26.2 25.6-27.1 1.5 33.8 33.2-34.1 

   28 days 5 °C   28 days  20°C  

OPC-0.4 0.4 2.5 84.0 80.7-86.2 1.7 83.2 81.8-84.2 

OPC-0.5 0.5 2.6 67.4 66.6-68.1 2.2 65.45 64.9-66.2 

OPC-0.6 0.6 2.4 52.7 50.9-53.7 2.3 50.40 48.9-51.7 

OPC-0.7 0.7 1.9 39.3 38.7-39.7 1.8 40.33 39.3-41.2 

1) Natural air content in the mortar. 
 

 
Table 6 shows the results for the blended mortars. Strength results are shown as mean, lowest 
and highest test value. The natural air content in the blended mortars was similar, of same 
magnitude, as the air content in the cement mortars. Therefore these values are not shown, for 
the sake of simplicity of the table.  
 
Table 6 shows also the efficiency coefficients, k-values, of the different fillers in different 
mixtures.    
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Table 6 – Test results: compressive strength for blended mortars and k-values for limestone.  
Blended 
mortars 

W/B fc mean  
(MPa) 

fc min-max 

(MPa) 
k 1) 

mean 
k 1) 

min-max 
fc mean  
(MPa) 

fc min-max 

(MPa) 
k 1) 

mean 
k 1) 

min-max 

  
2 days  5 °C 2 days  20 °C 

LL12-0.5 0.5 23.7 23.5-24.0 0.43 0.37-0.46 40.3 40.1-40.7 0.28  

LLF12-0.5 0.5 29.6 29.2-30.0 1.17 1.12-1.21     

LLC12-0.5 0.5 22.2 21.7-22.6 0.22 0.13-0.25     

MA12-0.5 0.5 24.7 24.3-25.4 0.52 0.49-0.64     

CH12-0.5 0.5 24.8 24.3-26.0 0.55 0.49-0.72     

          

LL24-0.4 0.4 32.5 31.7-33.1 0.35 0.32-0.39 47.6 46.8-48.7 0.19 0.17-0.28 

LL24-0.5 0.5 19.0 18.6-19.3 0.38 0.36-0.42 32.8 32.5-33.1 0.19 0.19-0.23 

LL24-0.6 0.6 11.8 11.6-12.0 0.46 0.45-0.49 23.2 22.7-23.8 (0.29) (0.26-0.33) 

LL24-0.7 0.7 7.7 7.6-8.0 (0.64) (0.63-0.69) 17.1 16.7-17.5 (0.43) (0.40-0.46) 

          

MA24-0.5 0.5 20.2 19.8-20.7 0.48 0.43-0.51 34.4 33.9-35.2 0.27 0.26-0.32 

CH24-0.5 0.5 21.4 20.7-22.1 0.56 0.51-0.60 34.6 33.9-35.1 0.29 0.26-0.32 

LLF24-0.5 0.5 26.0 25.5-26.5 0.87 0.84-0.89 36.8 36.0-38.0 0.42 0.36-0.48 

LLC24-0.5 0.5 16.4 15.8-17.2 0.21 0.15-0.27 31.8 31.3-32.2 0.15 0.13-0.17 

  
7 days 5 °C 7 days  20 °C 

LL12-0.5 0.5 49.0 47.7-49.7 0.57 0.44-0.62 50.9 50.4-51.7 0.17  

LLF12-0.5 0.5 54.4 53.3-55.6 1.08 0.96-1.21     

LLC12-0.5 0.5 46.3 45.1-47.5 0.33 0.20-0.43     

MA12-0.5 0.5 48.6 47.4-50.0 0.52 0.41-0.65     

CH12-0.5 0.5 50.8 50.3-51.5 0.75 0.70-0.79     

          

LL24-0.4 0.4 58.5 57.2-59.6 0.36 0.33-0.44 58.6 57.9-60.1 0.14 0.12-0.25 

LL24-0.5 0.5 40.5 39.8-40.9 0.39 0.36-0.41 42.3 41.5-43.1 0.17 0.15-0.21 

LL24-0.6 0.6 28.2 27.7-28.7 0.48 0.47-0.52 31.5 30.7-32.0 (0.26) (0.22-0.30) 

LL24-0.7 0.7 19.9 19.5-20.5 (0.63) (0.61-0.66) 22.8 22.1-23.5 (0.30) (0.26-0.35) 

          

MA24-0.5 0.5 40.4 39.6-41.1 0.39 0.34-0.42 43.5 42.8-43.8 0.23 0.21-0.26 

CH24-0.5 0.5 43.9 42.1-45.1 0.55 0.48-0.61 43.2 43.0-44.0 0.21 0.19-0.24 

LLF24-0.5 0.5 44.1 43.4-44.9 0.57 0.54-0.60 44.5 43.3-45.9 0.27 0.23-0.34 

LLC24-0.5 0.5 37.9 37.1-38.7 0.28 0.25-0.32 42.4 41.6-43.2 0.19 0.15-0.22 

  28 days 5 °C 28 days  20 °C 

LL12-0.5 0.5 62.2 60.5-64.4 0.50  58.5 57.4-59.4 0.36 0.25-0.43 

LL24-0.5 0.5 52.3 51.4-52.7 0.29  49.7 48.7-50.6 0.27 0.21-0.31 

1) Values in brackets are uncertain because they are calculated for low strength levels, below the strength range of 
experimental values for the Portland cement mortars; see Figures 1 to 3. 
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Figures 1 and 2 show the early-age strength of the limestone mixtures LL24-0.4 to LL24-0.7 and 
OPC-0.4 to OPC-0.7 mixtures. There seems to be a fairly linear relationship between the 
compressive strength (fc) and the inverse of the water-binder ratio for both cement and blended 
mortars. This indicates that a linear equation as proposed by Bolomey, Eq. (1), could be used for 
calculations, but with different empirical parameters a and b to be determined for each specific 
age and temperature.  
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Figure 1 – Mean compressive strength at 20 °C (dots) and relationship versus 1/(W/B) (lines). 
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Figure 2 – Mean compressive strength at 5 °C (dots) and relationship versus 1/(W/B) (lines). 
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The calculation of the k-value for an addition is made by finding a replacement for the 
water/binder ratio – an equivalent water-cement ratio (W/C)eq – that the mixture with addition 
should have in order to obtain the same compressive strength as the mixture without addition.  
 
The equivalent water-cement ratio is defined as:  
 

(W/C)eq = 
kRC

W

+
        (2) 

 
where: W = water content,  by mass  R = addition content, by mass 
 C = cement content, by mass k = efficiency coefficient 
 
From Eq. (2) it should be noted that the calculation of the k-value is sensitive to small variations 
of the (W/C)eq, in particular when the amount of addition is small; see [12].  
 
(W/C)eq can be calculated by using empirical relationships between strength and W/C for OPC 
mixtures, as e.g. trend lines according to Eq. (1), or they can be found out graphically from the 
real experimental data graphs.  
 
In the present attempt to evaluate the efficiency of limestone filler the graphical alternative was 
used. The reason for this was primarily that the distribution of the results for OPC mortars 
deviated slightly from a straight trend line, especially at 7 days and 20 °C. See the correlation 
coefficients in Fig.1.  
 
The k-values given in Table 6 were calculated by using Eq. (2) and the (W/C)eq determined from 
the experimental data graphs shown in Figure 3. A graphical extension, defined by the slope 
between W/C  0.6 and 0.7, was added for the lower strength values. 
 
 

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

1 1.5 2 2.5 3

1/(W/C)

C
o
m

p
re

s
s
iv

e
 s

tr
e
n
g
th

 (
M

P
a
) 

OPC 7d 20°C

OPC 7d 5°C

OPC 2d 20°C

OPC 2d 5°C

 
Figure 3 – The relationships between compressive strength and 1/(W/C) for cement mortars,  
used for the graphical estimation of (W/C)eq for mortars containing limestone filler.  
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Figure 4 – k-values for different qualities of limestone in mortars with W/B 0.5  
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Figure 5 – Influence of the fineness of the filler on the coefficient of efficiency at early age at 

5 °C (a) and at 20 °C (b). Values for mortar with W/B 0.5 and 24% limestone filler type LL.  
 
A general indication shown by the results in Table 6 is that efficiency coefficients for strength 
can be applied to limestone. However, the values are rather low, with the exception of the very 
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fine limestone fraction LLF.  An overall comparison of k-values for limestone is shown in 
Figure 4. 
 
The k-values as a function of the mean particle size of the filler (d50%), in mortars with 24% 
limestone filler, are shown in Figure 5. The fineness of the filler seems to be a significant 
parameter regarding the efficiency coefficient, especially at low temperature. The finest 

limestone filler in this investigation has a k-value of almost 1 at 5 °C and early age, but it 
decreases to 0.2-0.3 for the coarse filler fraction. The fineness of the filler has an influence on 

the compressive strength also at 20 °C, at least for two days old mortar, but less significant as at 
low temperature. 
 
A comparison between k-values for limestone fillers produced with different types of carbonated 
rock, CH, LL and MA, are presented in Figure 6 below.  
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Figure 6 – Influence of the type of the carbonated on the coefficient of efficiency of the  

limestone filler. Values at 5 °C (a) and at 20 °C (b) for mortar with 24% limestone and W/B 0.5. 

 
According to the results, there does not seem to be any significant influence of the type of 

carbonated rock used on the k-value of the filler. This can be observed at both 5 °C and 20 °C, 
for 2 days as well as for 7 days old mortars. The small differences between these three types of 
carbonated rocks may be due to some differences in finesses. The mean particle size was 2.3, 
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5.5 and 7.0 respectively for CH, LL and MA. Probably the value for CH24 in Figure 6 would 
have been slightly lower if its fineness would have been the same as for LL24.  
 
Figure 7 shows a comparison between the k-values for limestone filler (LL) and the k-values for 
two qualities of reactive additions – silica fume (SF) and ground granulated blastfurnace slag 

(SG) – as function of age,  at 5 °C and 20 °C. 
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Figure 7 – Coefficients of efficiency as a function of age, for limestone (LL), silica fume (SF) 

and ground granulated blastfurnace slag (SG), at 5 °C (a) and 20 °C (b). Results for mortars 

with W/B 0.5 and 12% or 24% limestone, 10% silica fume or 35% slag as part of the binder. 

 
The results for slag and silica fume were determined in a complementary part of the 
investigation presented in this paper. The tests were performed exactly as the tests presented in 
this paper, but with the use of silica fume or ground granulated blastfurnace slag instead of 
limestone filler. Details about the studies on SF and SG can be found in [13]. 
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Considering the k-value of silica fume 1 or 2 according to EN 206-1 [9] and the k-value for slag 
0.6 according to the Swedish Standard SS 13 70 03 [14], this investigation found that the 28-day 
values for slag and silica fume correspond well with the standard values, if the curing 

temperature is 20 °C. However, at earlier ages the k-values for these two additions are 

considerably lower, at both 5 °C and 20 °C.  
 
At early age limestone filler and slag have comparable coefficients of efficiency in mortars 
cured at 20 °C, but in mortars cured at 5 °C limestone shows higher efficiency than slag: k-
values are about 0.4 or higher, compared to about 0.2 for slag. On the other hand neither 
limestone nor slag reach the efficiency of silica fume at early age, regardless the curing 
temperature.  
 
The comparison in Figure 7 shows that if a low temperature can lead to higher early-age 
coefficient of efficiency compared to 20 °C, not least for limestone, the development up to 28 
days is very different at different temperatures. At 20 °C slag shows a significant increase in 
efficiency, reaching a k-value of about 0.8 at 28 days, while limestone only reaches values of 
about 0.3. At 5 °C on the other hand the efficiency of both slag and limestone seems to remain 
more or less unchanged after 7 days, though at a higher level for limestone compared with slag. 
These observations refer to the addition qualities used in this study, in mortars with W/B 0.5.  
 
Limestone compared with silica fume shows significant differences. The early-age k-values for 
silica fume are higher than for limestone, much higher at 5 °C compared to 20 °C. Later at 28 
days, where the k-values for limestone show small changes compared to early-age values, silica 
fume shows considerably increased values at 20 °C and an opposite development at 5 °C. After 
7 days the efficiency of silica fume in mortars cured at 5 °C decreases rapidly, showing zero 
efficiency for compressive strength at 28 days.  
 
Similar observations, that a low temperature may with time reduce the strength-increasing effect 
of silica fume, have been mentioned in other studies [15, 16]. This performance is however not 
fully explained or understood. 
 
 
4 CONCLUSIONS 

 

Based on the results found in this investigation, the following conclusions can be drawn: 
 

o All the types of limestone filler used in this investigation showed a positive effect, 
compared with what could be expected from a completely inert material, on the mortar 
compression strength. This effect can be quantified by the coefficient of efficiency or k-
value. For the limestone fillers the k-value was normally in the range of  0.2-0.5, with the 
highest values when cured at low temperature. For a very fine-grained limestone filler, 

however, a k-value of about 1 was found for young mortar cured at 5 °C. 
 

o The k-value is strongly influenced by the fineness of the limestone filler, especially at 
low temperatures and young age. 

 
o The type of carbonated rock used for producing the limestone filler, with regard to the 

metamorphose level, does not seem to significantly influence the k-value. This is 
relevant at least for the three types of carbonated rock used in this investigation. 
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o Traditional type II additions such as silica fume and ground granulated blast furnace slag 

show, as expected, higher k-values than limestone filler at 20 °C and 28 days. At young 
ages (below 7 days), however, the k-value of the limestone fillers used in this study are 
comparable or even higher than the corresponding values for slag. These limestone 
fillers show also lower k-values than silica fume at early ages, but after a longer curing 
time at low temperature limestone maintains its efficiency for compressive strength 
while the efficiency of silica fume is decreasing.  
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ABSTRACT 

The bearing capacity of concrete cylinders in compression can be 
increased manifold by confining them with FRP sheets or tubes. The 
stress-strain relationship for an FRP-confined cylinder is 
approximately bi-linear. The first branch may be simplified as linear 
with a slope E1 equal to the secant modulus of the unconfined concrete 
in compression. At the level of the concrete unconfined strength, a 
transition zone follows after which the tangent stiffness stabilizes at a 
constant value, E2, until reaching the ultimate strength. When 
transferring these data to the design of concrete columns, the stability 
problem must be accounted for. The buckling load is determined by 
the moment of inertia and the elastic modulus of the column. The 
moment of inertia is not increased by unidirectional tangential wraps 
around the column and the elastic modulus of the column decreases 
above failure load of unwrapped column. Consequently, the increase 
in strength due to wrapping cannot be utilized unless the slenderness 
ratio is lower than a limiting value, function of the confinement 
parameters and of the unconfined strength. Furthermore, when the 
confined strength can be used in design, it is necessary to ensure that 
the wrapping material cannot be damaged during the lifetime of 
column. Such damage can result, for instance, from the hit of a vehicle 
or from fire. In such a case the column will fail because the confined 
concrete within the wrap/tube in the second branch of the stress-strain 
curve is degraded. Therefore the load on confined column should be 
limited by long term sustained load on unconfined column. 
 

Keywords: FRP, concrete, confinement, compressive strength, 

buckling. 

 
 

 
 

 

mailto:Laura.delorenzis@unile.it


2 

 2

1 INTRODUCTION 

Numerous investigations have shown that the bearing capacity of concrete cylinders in 
compression can be increased manifold by confining them with FRP sheets or tubes. Research 
efforts have been mainly directed towards quantification of the strength and ductility increase on 
standard size cylindrical specimens (with 150-mm diameter and 300-mm height). 
Performed axial compression tests with FRP-confined concrete cylinders have in general stress-
strain relations as shown in Figure 1, Rousakis [4]. It can be seen that the axial stress-strain 
response is distinctly bilinear. The first branch is very close to the ascending portion of the 
unconfined concrete stress-strain relationship. The latter may be simplified as linear with a slope 
E1 equal to the secant modulus of concrete in compression. At the level of the concrete 
unconfined strength, f’, a transition zone follows after which the tangent stiffness stabilizes at a 
constant value, E2, until reaching the ultimate strength, f’. Thus, a simplified stress-strain 
response of FRP-confined concrete can be as shown in Figure 2. The peak point coincides with 
the ultimate point and they both correspond to tensile rupture of the FRP confining device. 
Increased confinement stiffness (that is, increased number of wrapping layers and fiber modulus 
of elasticity) increases the value of the second slope, E2. 
 
The failure compressive load for wrapped concrete cylinder can be several times that of 
unwrapped cylinder. The question is if and when this strength increase can be exploited in 
concrete columns when the stability problem is accounted for. 
 

 
 
Figure 1. Compressive test of one layer carbon fiber sheet confined concrete cylinder. Stress – 

strain behavior of specimens from 25.2 MPa concrete, confined with 3 layers of CFRP sheet 

under monotonic and cyclic axial load. Rousakis [4]. 
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Figure 2. Simplified axial stress-strain relationship of confined concrete cylinders 

 
Mirmiran et al [3] tested columns made of FRP tubes filled with concrete of 22.4-MPa 
compressive strength. Columns with different slenderness were tested and their buckling load 
was experimentally determined. From a theoretical standpoint, the authors calculated the Euler 
buckling load using the tangent stiffness approach. As they used for confined concrete the non-
linear stress-strain relationship proposed by Saaman et al. [5], they were forced to compute the 
buckling load with a numerical step-by-step procedure. By using the simplified relationship in 
Figure 2, a closed-form solution for limiting slenderness ratios and buckling load can be easily 
obtained, while introducing no appreciable error in results. This will be done as follows.  
 
2 ANALYSIS OF BUCKLING OF FRP-CONFINED COLUMNS 

 

2.1 Euler buckling load and limiting slenderness ratios 

 
The Euler buckling load of a column is given by: 

2

2

)(kl

EI
Pcr

π
=                           (1) 

where E is the modulus of elasticity of the constituent material; I is the moment of inertia of the 
cross-section; l the length of the column; k a factor depending on the restraint conditions of the 
column at both ends. Diving (1) by the cross-sectional area, A, the Euler buckling stress is 
obtained as: 

2

2

λ

π
σ

E
cr =                                      (2) 

where: 

r

kl
=λ                            (3) 

is the slenderness ratio of the column. In equation (3), r is the radius of gyration: 

A

I
r =                           (4) 

When an FRP-confined column is considered, moment of inertia and cross-sectional area to 
introduce in the formulae should be gross values, including the contribution of the FRP 
confining device. However, the thickness of the FRP is in practical cases very small; 
furthermore, the fiber orientation is typically as close as possible to the circumferential direction 
to maximize the confinement action and the elastic modulus of the laminate transverse to the 
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fibers is very close to that of the resin matrix (i.e., very small). This implies that calculating I 
and A as those pertaining to the concrete only does not lead to appreciable error. 
 
More importantly, equation (2) is valid for a linearly elastic material with modulus of elasticity 
E, and needs to be suitably modified for a stress-strain curve as that of Figure 1. For this 
purpose, the approach suggested by Fr. Engesser already in 1889 and then validated by Shanley 
[6] can be adopted. Such approach suggests substituting E in equation (2) with the tangent 
elastic modulus of the material, equal to the local slope Et of the stress-strain curve: 

2

2

λ

π
σ t

cr

E
=                                      (5) 

As Et must be evaluated on the stress-strain curve for a value of stress equal to σcr, equation (5) 
gives σcr in implicit form. For the stress-strain curve in Figure 2, it is: 
 





<<<<=

<<=

) (or   ''      if      

)(or    '      if       

2

1

cccocccot

cocot

ffEE

fEE

εεεσ

εεσ
              (6) 

Therefore: 
2

1 1
cr 12

2 1

      if       ' ,     i.e. if                                       (7a)

'          if                                                                       

cr co l

co

cr co l l

E E
f

f'

f

π
σ σ λ λ π

λ

σ λ λ λ

= < > =

= < <

2
2 2

cr 22

           (7b) 

      if       ' ,     i.e. if                                       (7c) cr co l

co

E E
f

f'

π
σ σ λ λ π

λ







 = > < =


 
The graphical solution of equation (5) is illustrated in Figure 3. Both members of (5) are known 
functions of the axial strain ε: 
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Figure 3. Euler buckling stress for 1lλ λ> (a), 2 1l lλ λ λ< < (b) and 2lλλ < (c) 
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The intersection point between (8a) and (8b) defines the critical strain εcr to which σcr 
corresponds. 
Summarizing, for 1lλλ >  the column is so slender that instability occurs for a value of axial 

stress lower than the unconfined concrete strength, f’. For l1l2 λλλ << , the buckling stress 

coincides with the unconfined concrete strength. In both ranges of slenderness, the contribution 
of the FRP confinement to the concrete strength is not exploited at all. For 2lλλ < , the buckling 

stress is higher than the unconfined concrete strength and the enhancement in strength due to 
FRP confinement can thus be exploited. In particular, defining: 

cc
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For l2l3 λλλ << , buckling is still the governing mode of failure. Only when 3lλλ <  the column 

fails in compression before buckling occurs and the FRP confinement is fully effective. In 
Figure 4 the ratio of the buckling load to the ultimate compressive load of the column is plotted 
vs. the slenderness ratio. 
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Figure 4. Combined normalized buckling load as function of slenderness.  

 
2.2 Computation of the limiting slenderness ratios 
 
The values of the limiting slenderness ratios λl1, λl2 and λl3 can be computed as follows. 
The secant modulus of concrete in compression, E1, can be computed according to Ahmad and 
Shah [1]: 

cofE ′= 39501                                     (11) 

from which: 
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For the computation of λl2, the second slope E2 of FRP-confined concrete can be evaluated by 
means of several models available in the literature (De Lorenzis, [2]). For instance, the model 
by Saaman et al. [5] expresses E2 as function of the stiffness of the confining jacket and, to a 
lesser extent, of the unconfined concrete strength: 

lco EfE 6728.0'61.245 2.0
2 +=                                  (13) 

where: 

D

ntE
E

f

l

2
=                                    (14) 

sometimes called confinement modulus or lateral modulus, is a measure of the stiffness of the 
confining device. In (14) Ef is the FRP Young’s modulus in the hoop direction, nt is the 
thickness of the FRP and D the column diameter. 
Finally, calculation of λl3 requires also an expression for the confined concrete strength f’. 
According to the model by Saaman et al.[5]: 

7.00.6'' ucocc pff +=                                   (15) 

where: 
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f

u

2
=                                              (16) 

is the maximum value of the confinement pressure that the FRP can exert before rupturing in 
tension. In (16) ff is the FRP tensile strength in the hoop direction. 

From what shown previously it is evident that, in order for the confinement effect to be fully 
exploited, the slenderness ratio must be lower than or equal to λl3 given by (9). The latter may 
be rewritten as follows: 

( )
( )coucc
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3 πλ =                                  (17) 

From (17) it is evident that λl3 increases as the confinement stiffness increases (because this 
raises the second slope of the stress-strain curve) and decreases as the maximum confinement 
pressure increases, because this leads to a higher compressive strength. Therefore: 

• for a given tensile strength and Young’s modulus of the FRP, λl3 decreases as the 
number and thickness of FRP plies decreases, that is, as the D/nt ratio increases; 

• for a given D/nt ratio, λl3 increases with the elastic modulus of the FRP and decreases 
with its tensile strength; 

• for given D/nt ratio and FRP mechanical properties, λl3 decreases as the unconfined 
concrete strength increases.  

The variation of λl3 with the FRP and concrete parameters is illustrated in Figure 5, where the 
D/nt ratio is varied between 25 and 100, the concrete unconfined strength between 20 and 80 
MPa and three combinations of FRP mechanical properties (tensile strength ff and Young’s 
modulus Ef) are chosen. 
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Figure 5. Variation of λl3 with the FRP and concrete parameters 

 
Strength increase by FRP confinement is most effective for columns with circular section. For 
square columns confinement is effective only in regions of corners and these should be rounded 
for better effect. For rectangular columns, as the second slope is typically very low due to the 
low effectively-confined portion of the cross-section, the values of λl2 and λl3 are very close to 
each other and very low. 
 
3 DISCUSSION ABOUT SAFETY 

 

3.1 Accidental damage of columns 

 

To be able to use the wrapping strengthening effect of column it is necessary to ensure that the 
confining FRP cannot easily be damaged during the lifetime of column. The column might be 
hit by a vehicle and the wraps damaged or just locally scraped off. As the concrete within the 
confining wraps in the second part of the stress-strain curve is degraded, it will blow out where 
the damage is and a collapse of column follow. In case of fire, when the resin of wrap along the 
whole column is affected, the risk of collapse is increased considerably. Concrete cover with a 
thickness say 30 mm may be used for protection. This cover will increase the loaded column 
area and moment of inertia considerably. If the diameter of the wrapped column is 150 mm, the 
column with cover will have diameter 210 mm. The area will increase with factor 1.96 and the 
moment of inertia with factor 3.84 increasing the buckling load with the same amount. Up to 
ultimate unwrapped concrete load the covers will be active in load taking. Then the covers will 
fall off and the deformations of the column will increase considerably. It is doubtful if the 
second part of the stress-strain curve with modulus E2 for the column can be used. For safety 
reason, if the wraps are accidentally damaged, a wrapped column should not be designed for 
more than 75% of the ultimate short term un-wrapped column load, which is the long term 
sustained load. 
 
3.2 Performance of column under cycling load 

 
In Figure 1 it is seen that at cycling of load the stress-strain curves have about the same 
inclination as the first part of the curve with modulus E1. A certain recovery of expanded and 
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degraded concrete within the wraps can be observed at unloading. Probably the unloading slope 
of the stress-strain curve will not influence the buckling load. At column buckling the side, 
where compression increases, wraps will be stressed more and less at opposite side, where 
compression is reduced. The action of wraps at buckling is a field for investigation. Further, if a 
wrapped concrete column is prevented to buckle and is loaded in compression almost up to 
failure and then unloaded, the tangent modulus for this column, now loaded without side 
support, is about the same as for the first part of curve with modulus E1. Will this column now 
have higher buckling load and can this procedure be used for improving properties of column? 
Is this a way of introducing prestress in the confining filaments? 
 
4 CONCLUSIONS 

 
When performing tests on FRP-confined concrete cylinders, researchers have paid much interest 
to the considerable increase in strength. However, most columns have to be designed for 
stability and confinement of columns with unidirectional composites with fibers along the hoop 
direction does not improve the buckling resistance parameters. The favor of increased confined 
concrete strength in many cases cannot be used. Wraps can easily be damaged. The load on 
column should not exceed the long term sustained load on unwrapped column. 
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Abstract 

A systematic investigation is performed on the mechanical behavior of 
concrete cylinders (with compressive cylinder strength 25.2 MPa and 
51.8 MPa), confined by high E-modulus carbon fiber sheet (377 GPa). 
The concrete cylinders were wrapped with 1, 2, 3 and 5 layers of 
carbon FRP (fiber reinforced polymer) sheet and subjected to 
monotonic and cyclic axial compressive loading. Teflon sheets were 
used between concrete and steel loading plates to reduce friction. 
Pretests were made to estimate the proper overlap length of the external 
layer. The confining effect is addressed in terms of concrete strength, 
ductility and expansion. Considerable increase in levels of strength and 
strain at failure were achieved even for high strength concrete for 
monotonic and cyclic mode of loading.  
 
Keywords: Concrete, FRP fiber reinforced polymer, confinement, 
cyclic, strength, ductility 

      

 

1 INTRODUCTION 

 

Carbon FRP tube or sheet (jacket) reinforcement has linear elastic behavior up to failure and 
exerts an ever increasing confining pressure on wrapped concrete cylinder loaded in 
compression. Concrete subjected to the tri-axial stress state described above, reveals remarkable 
enhancement of strength as well as ductility [1-5]. Shear cone failure of the concrete was 
observed in most reported experiments with FRP confined concrete with axial compressive load, 
as no attempt was made to reduce friction between the concrete and the steel loading plates. 
With use of teflon sheets, the friction can be reduced and the variation of lateral strain became 
uniform along concrete specimen height [6]. Shear cone failure is replaced by rather columnar 
type of failure. 
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In literature available, the overlap length of the FRP sheet varies and is taken without any 
calculation or pretests [7-9]. At wrapping the sheet is turned around the cylinder the necessary 
number of layers and then is the end overlapped the place where the wraps began. If the overlap 
does not fail the strength is determined by the not overlapped part of confinement. The 
configuration of the overlap as well as the overlap length affects the confinement volumetric 
ratio of the cross-section and the results obtained. With volumetric relation is meant the volume 
of FRP divided by the volume of concrete cylinder. 
 
FRP confined concrete fails with the fracture of FRP jacket. Usually in modeling, the strain of 
the jacket at fracture is chosen according to the tensile ultimate strain of its fibers. Experiments 
have shown that the measured tensile ultimate strain (εju) taken from FRP coupon tests is slightly 
lower than the ultimate strain of the fibers (given by the manufacturer). For FRP confined 
specimens this strain is lower than both values. 
 
A systematic experimental investigation has been performed to study the behavior of carbon FRP 
confined concrete subjected to axial compressive load and to address identified gaps from 
previous research [10]. In this paper only a part of this investigation is presented consisting of 32 
(of them 5 pretests) concrete cylinders in total with compressive strength 25.2 MPa and 51.8 
MPa, confined by high modulus (377 GPa) carbon FRP sheet, in volumetric ratios (ρj) ranging 
from 0.31% ~ 1.56% and subjected to monotonic and cyclic load. Also pretests of five concrete 
cylinders are presented performed to estimate the proper overlap length. The enhanced 
mechanical behavior of carbon FRP sheet confined concrete is studied in terms of strength, 
ductility and expansion. 
 
 
2 EXPERIMENTS 

 
Three concrete mixtures were used. Target compressive strengths were 20 MPa and 60 MPa (two 
mixtures with different slump). The concrete composition, strength and modulus of elasticity of 
the used plain cylindrical specimens (diameter 150mm, height 300mm) are presented in table 1. 
The cube (side 150 mm) strength of concrete obtained was 33.4 MPa and 75.9 MPa respectively. 

 
TABLE 1. Concrete mixtures, cylinder strength and E-modulus   

 

The concrete cylinders were wrapped with unidirectional carbon fiber sheet BPE Composite 
300M, made of Toray M40J carbon fibers and epoxy resin for the impregnation. The mechanical 

Average
Target w/c Strength Modulus

 concrete c  w Air slump MPa of Elasticity
 strength (kg) Sand (liters) % (s) (cylindrical) (GPa)
  (MPa) 0 -8 mm  8-12  mm 11-16 mm (mm)

20 201 1205.3 364.4 364.4 189.5 2.4 10 0.94 25.2 17.3
60 a 496 887.7 399.4 399.4 189.4 2.4 13 0.38 51.8 24.6
60 b 496 887.7 399.4 399.4 189.4 2.4 15 0.38 56.9 25.3

Gravel
k (kg)

Proportion of the mixture (  / m3)

Concrete
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properties of the high E-modulus (377 GPa) sheet, table 2, were provided by the supplier. 
 

TABLE 2.  Carbon fiber properties 

 

A total of 27 cylinders of the 20 and 60a (target strength) batch were tested under axial 
compressive load. The plain specimens, 3 in each of the groups, were subjected to monotonic 
compressive load up to failure. One specimen in each group of tree equal specimen, see table 3, 
was tested without use of teflon. The wrapped specimens (21) were tested under axial monotonic 
or cyclic load up to failure with use of teflon. In addition, three specimens of the 60b concrete 
batch were wrapped for pretests designed to estimate the proper overlap length of the carbon 
sheet. They were confined by one layer of carbon sheet with orientation perpendicular to their 
axis and had overlap lengths of 50 mm, 100 mm and 150 mm. The pretests confirmed the quality 
of wrapping performance, as well as the beneficial use of teflon sheets between the specimen and 
the loading plates in reducing friction. 

 
Each group of cylinders consisted of three identical cylinders. The cylinders were wrapped with 
1, 2 and 3 layers of carbon fiber sheet with orientation perpendicular to their axis and an overlap 
of 150 mm in external layer. From the 60a batch three more specimens were wrapped with 5 
layers of carbon fiber sheet with confining reinforcement ratio (ρj) of 1.56%. Two of every three 
identical specimens were tested under monotonic load. The third one was tested under repeated 
load with the same load-unload rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Instrumentation of specimens. 

Toray M40J  carbon fiber   BPE Composite 300M carbon sheet

Tensile Tensile Elongation, Density, Thickness, Width, Weight,

Strength, (MPa) Modulus, (GPa)  % kg/m3 (mm) (mm)  ( g / m2 )

4410 377 1,2 1770 0,17 300 300
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The load, axial displacement (LVDTs), axial strain and lateral strain (strain gauges, S.G.) were 
measured according to figure 1. The LVTD:s registered the change in distance between the 
loading plates and the contact surface deformations could be disregarded, as it turned out. The 
strain gauge measurements were influenced somewhat by the bending of the cylinders sides for 
cylinders with friction between loaded ends and loading plates.  
 
All specimens were cured at 20oC and 50% relative humidity and tested three and a half months 
after casting. For specimens with teflon caps, four teflon sheets with thickness 0.2 mm each were 
used. The loading machine capacity was 10000 kN. The rate was 10 MPa/minute at monotonic 
and cyclic loading, similar to that of ASTM C 39/C 39M–99 standards. The load–unload cycles 
were related to the unconfined concrete strength fc and the ultimate strength of confined concrete 
fcc. The load of each cycle was successively increased up to 0.5fc, 0.8fc, fc, {fc + 0.33(fcc - fc)}, {fc 
+ 0.66(fcc - fc)} and finally up to failure. 
 
 
3 EXPERIMENTAL RESULTS 

 

3.1 Pretests - effect of the overlap length. 

 
Three specimens of the 60b batch were wrapped with one layer of carbon sheet having different 
overlap lengths of 50 mm, 100 mm and 150 mm. For the specimen with 50 mm overlap length, 
teflon sheets were used between the steel loading plates and concrete surface. A premature 
failure occurred for this specimen with debonding of the carbon sheet due to inadequate overlap 
length, figure 2.a, developing an ultimate stress of 67.4 MPa (higher than strength of plain 
concrete 56.9 MPa). The other two specimens showed no overlap failure with ultimate stress 
79.3 MPa and 78.7 MPa for 100 mm, figure 2.b, and 150 mm overlap length respectively. To be 
sure of avoiding lap failure 150mm overlap length was chosen for the tests. 
  

  

 

 

 

 

 

 

 

 

 

Figure2.a. Debonding of 

specimen with 50 mm overlap 

length and use of teflon.  

Figure2.b. Shear cone failure 

of specimen with 100 mm 

overlap length. (Without 

teflon) 

 Fig 3. Unconfined 

specimen 60a-3t 

(with teflon) after 

failure. Vertical 

cracks. 
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Fig. 4. Effect of the use of teflon sheet on concrete strength. Black column – without teflon. 

 

 

3.2 Tests. 

 
All tested plain concrete cylinders showed a relatively brittle type of failure. The specimens 
without teflon had a rather conical type of failure. The use of teflon reduced base friction and 
showed a rather columnar type of concrete fracture with a lot of vertical cracks formed, figure 3. 
Cylinders of 60a batch with teflon sheet developed lower strength than cylinders without (black 
column), figure 4.  

 

 

 

 

 

 

 

 

 

 
Figure 5. Axial and lateral stress–strain 

behavior of plain specimens from 20, 60a  

and 60b MPa  concrete batches. 

Fig. 6. Stress – volumetric strain 

behavior of plain specimens from 20, 

60a  and 60b MPa concrete batches. 

 
The stress–strain response curves for plain specimens are presented in figures 5 and 6. The 
modulus of elasticity was 17.3 GPa for 25.2 MPa concrete strength and 24.6 GPa for 51.8 MPa 
concrete strength. The axial strain at ultimate stress was about 0.003 for all specimens and lateral 
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strain about 0.001. Considering the dilation properties of unconfined concrete there was a rather 
stable volume reduction up to 0.87 – 0.93 of concrete strength for both concretes. After this 
characteristic level of stress the concrete expanded with an increasing rate. Experimental results 
are shown in table 3. 
 
The behavior of carbon FRP confined specimens for the early stage of loading and around the 
ultimate load of unconfined concrete was similar to that of plain concrete. No differences in 
behavior could be observed between monotonic and cyclic mode of loading. Just before failure of 
many specimens, about 0.95 of the ultimate strength of confined concrete, a slight debonding at 
the overlap edge was observed, figure 7. a and b. This slight debonding was observed in several 
specimens regardless of the strength of concrete, the number of carbon sheet layers of 
confinement or the mode of loading. This slight debonding did not cause a reduction of load 
capacity of the specimens and couldn’t be characterized as the initiation of failure as it was not 
growing. Sudden failure occurred in all the specimens after the fracture of the carbon FRP jacket. 
The absence of friction resulted in vertical cracks in the concrete core, figure 7.d. 
 
 

 

 

 

 

 

 

 

 

Fig.7.a. Specimen 

20c1L1C-1t after 

failure. Detection of 

the slight 

debonding at the 

overlap edge. 

Fig. 7.b. Specimen 

40(60a)c1L1-3t 

during occurrence 

of the slight 

debonding at the 

overlap edge. 

Fig. 7.c. Specimen  

 20c1L1-3t after 

failure. 

 

Fig. 7.d Specimen 

60ac1L3-3t after 

failure.  

 

  
In figures 8 to 11 is noticed for all the specimens that the confining effect gives an ever 
increasing strength response to expanding concrete up to failure for monotonic and cyclic mode 
of loading. A convergence in deformations between monotonic and cyclic axial loading of 
identical specimens was observed. 
 
In early loading stage and up to about 0.9 of ultimate unconfined concrete load, the stress–strain 
response (axial, lateral and volumetric) of the composite system is similar to that of plain 
concrete. After 0.9 of ultimate unconfined concrete load disintegration of the concrete core is 
accelerated and cracks are formed. The jacket restricts with linear tensile stress-strain response 
the unstable behavior of concrete and a linear stress-strain relation is obtained up to failure, when 
the jacket breaks. Under cyclic loading the same behavior is obtained, figures 8 and 10. The FRP 
jacket with its elastic behavior up to failure regardless of the number of cycles (the tests included 
loading up to 6 cycles), restores the characteristics of the composite system as if the load was 
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monotonic. 
 
 
  
 

 

 

 
 
 
 
 
 
 
 
 

Figure 8. Stress–strain behavior of specimens. 

20 MPa concrete  confined with 0, 1, 2 and 3 

layers of carbon FRP sheet. 

Figure 9. Stress–volumetric strain. 20 

MPa concrete confined with 0, 1, 2 and 3 

layers of carbon FRP sheet. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Stress–strain behavior of specimens. 

60a MPa concrete confined with 0, 1, 2, 3 and 5 

layers of carbon FRP sheet. 

 

Figure 11. Stress–volumetric 

strain. 60a MPa concrete confined 

with 0, 1, 2, 3 and 5 layers of 

carbon FRP sheet. 

 
The confining effect on strength and ductility of concrete is quantified and presented with the 
rest of experimental results in table 3. The labels given are decoded as follows: designed 
concrete strength (i.e. 20), composite material (i.e. c1), number of sheet layers (i.e. L1), mode of 
loading (i.e. blank for monotonic or C for cyclic), identical specimen number and finally use of 
teflon or not (i.e. t or blank).The confining effect of carbon FRP sheet is higher as the concrete 
strength is lower. For 25.2 MPa concrete strength and 2 layers of jacket the normalized ultimate 
load at failure varied from 2.22 – 2.38 while for 51.8 MPa the corresponding values ranged from 
1.74 - 1.84 times the load of plain concrete. The normalized axial strains were between 6.04 – 
6.74 and between 3.36 – 3.52 for the two concrete strengths respectively. The normalized lateral 
strain had similar reducing tendency for higher strength concrete.  
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For the confined specimens tested under repeated load–unload cycles the variation of strength 
and ductility was the same as for the monotonic mode of load. In fact for some specimens there 
were a gain in strength and ductility. In terms of concrete expansion it could be noticed from the 
stress–volumetric response diagrams that the carbon jacket tends to control concrete expansion, 
figures 9 and 11. For the same confinement volumetric ratio, the lower concrete strength results 
in better control of concrete expansion. This was evident from the fact that the lateral strain is 
better restricted in lower strength concrete. For specimens subjected to cyclic loading the same 
remarks are valid. 
 

TABLE 3. Experimental results.  

 

 
Increasing the volumetric ratio of carbon jacket (more sheet layers) the axial stiffness of the 
jacket was increased. For plain concrete strength 25.2 MPa, the normalized values of ultimate 

Test Stress Axial Strain Lateral Strain Elastic Modulus  Load Axial Strain Lateral Strain
fc’ max, (MPa) εcu εlu ASTM (GPa) Pc max / Pco, εcu / εco εlu / εlo

PRETESTS
60b - 1 60,1 0,00307 -0,00101 27,4  
60b - 2t 53,7 0,00288 -0,00051 23,2

Average 60b 56,9 0,00298 -0,00076 25,3
60bc1L1/50mm-1t 67,4  1,18
60bc1L1/100mm-1 79,3  1,39
60bc1L1/150mm-1 78,7 1,38

TESTS
 20 - 1 25,8 0,00312 -0,00184 18,9
 20 - 2t 24,2 0,00310 -0,00071 13,7
 20 - 3t 25,8 0,00312 -0,00106 19,2

Average 20 25,2 0,00311 -0,00120 17,3
 20c1L1 - 2t 41,6 0,01437 -0,00695  1,65 4,62 5,78
 20c1L1 - 3t 38,8 0,01206 -0,00581  1,53 3,88 4,83

 20c1L1C - 1t 44,1 0,01533 -0,00639 1,75 4,93 5,31
 20c1L2 - 1t 60,1 0,01881 -0,00641  2,38 6,04 5,33
 20c1L2 - 2t 55,9 0,02097 -0,00551  2,22 6,74 4,58

 20c1L2C - 3t 61,6 0,02075 -0,00569 2,44 6,67 4,73
 20c1L3 - 1t 67,0 0,02452 -0,00449  2,65 7,88 3,73
 20c1L3 - 2t 67,3 0,02432 -0,00368  2,66 7,82 3,06

 20c1L3C - 3t 70,2 0,02442 -0,00435 2,78 7,85 3,61
60a - 1 57,4 0,00308 -0,00133 24,2  
60a - 2t 49,1 0,00274 -0,00050 25,3  
60a - 3t 48,8 0,00311 -0,00121 24,2

Average 60a 51,8 0,00298 -0,00101 24,6
60ac1L1 - 1t 78,7 0,00748 -0,00543  1,52 2,51 5,36
60ac1L1 - 3t 72,8 0,00663 -0,00398  1,41 2,23 3,93

60ac1L1C - 2t 79,2 0,00680 -0,00517 1,53 2,29 5,10
60ac1L2 - 1t 95,4 0,01047 -0,00551  1,84 3,52 5,44
60ac1L2 - 3t 90,7 0,01001 -0,00364  1,75 3,36 3,59

60ac1L2C - 2t 90,3 0,01020 -0,00513 1,74 3,43 5,06
60ac1L3 - 1t 110,5 0,01292 -0,00438  2,14 4,34 4,32
60ac1L3 - 2t 103,6 0,01203 -0,00310  2,00 4,04 3,06

60ac1L3C - 3t 117,2 0,01531 -0,00559 2,26 5,14 5,52
60ac1L5 - 1t 112,7 0,01593 -0,00289  2,18 5,35 2,85
60ac1L5 - 2t 126,7 0,01612 -0,00360  2,45 5,42 3,56

60ac1L5C - 3t 137,9 0,01814 -0,00526 2,66 6,09 5,19
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load, in table 3, revealed an increase (mean values) from 1.64 for one layer of jacket, to 2.70 
times the load of plain concrete for three layers. The increase in deformability (mean values) 
varied from 4.48 to 7.85 correspondingly. From normalized values in table 3 it could be noticed 
that the increase in both strength and ductility of the confined concrete (for every additional layer 
of jacket) was lower when the plain concrete strength was higher. However high strength 
concrete specimens wrapped with only five layers of high E-modulus carbon sheet reached the 
strength of (mean value) 125.8 MPa. No difference was noticed for specimens under cyclic 
mode of loading. Increase of the layer numbers of carbon jacket resulted in better control of 
concrete expansion for the same quality of concrete subjected to monotonic or cyclic loading 
 
The carbon FRP jacket has a linear tensile stress-strain response up to failure and is under a tri-
axial state of stress due to confining tension, concrete pressure and bond to concrete. The 
ultimate strain at failure of the carbon FRP jacket for concrete with strength 25.2 MPa ranged 
(mean values) from 0.00638 for one layer to 0.00417 for three layers. For the concrete strength 
51.8 MPa and cylinder with five layers of CFRP, the strain at failure was 0.00392 (mean value). 
From the results presented in table 3 it becomes obvious that the strain at failure decreases with 
increased number of sheet layers. The strain at failure of the jacket was less than half of the 
tensile elongation of carbon fibers, table 2.  

 

 

4 CONCLUSIONS 

 
The behavior of concrete cylinders confined by carbon FRP sheet jacket was investigated 
experimentally under compressive load. The response of the composite system concrete–carbon 
FRP jacket depends on the material mechanical properties of the concrete and the carbon FRP 
sheet, the wrapping application performance, the overlap length, the volumetric confinement ratio 
as well as the mode of loading. Also the friction between concrete cylinder and steel loading 
plates affects the mode of failure of confined concrete. With use of teflon the mode of failure 
changes from shear cone to columnar, while in high strength concrete a decrease in ultimate stress 
is observed.  
 
The results obtained from cylindrical concrete specimens confined by BPE Composite 300M 
carbon FRP sheet, with 150 mm overlap length, use of teflon four layer caps and tested under 
monotonic and cyclic axial compressive load, give a bilinear stress-strain relation and an ever 
increasing strength response due to expanding concrete above the unconfined concrete strength up 
to failure of jacket. Under cyclic loading the highest strength, 137.9 MPa at a strain of 0.01814 is 
obtained for 51.8 MPa concrete wrapped with 5 layers (structural thickness 0.6mm) of carbon 
FRP.  
 
The carbon FRP confined concrete fails when the carbon sheet is fractured. The lateral measured 
strain at failure may be lower than the half of the tensile elongation at failure of carbon fibers. 
The ultimate strain of the jacket for the 25.2 MPa concrete shows a decrease with the number of 
carbon sheet layers, from 0.00638 for one layer to 0.00417 for three layers. For high concrete 
strength there is a similar tendency but not so clear. In general the strain at failure of the jacket 
fibers is lower than the nominal tensile elongation at failure of the carbon fibers and decreases 
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with the number of sheet layers. 
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