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Abstract 

Real structures are hardened in conditions different from the optimum laboratory 
conditions, where materials are usually tested. The different temperature, and 
especially the different relative humidity present in the environment, may cause a 
different microstructure and, as a consequence, different service properties. In 
this work mortars made with two different cement types are tested in laboratory 
conditions and at a lower relative humidity. These new environmental conditions 
cause a slower microstructural development and different durability and 
mechanical properties at early hardening ages. 
Keywords: microstructure, environmental conditions, mechanical strength, 
durability. 

1 Introduction 

Durability and mechanical properties of cementitious materials are directly 
related to the microstructure of these materials [1]. In recent years the use of 
active additions in concrete has become quite popular. The particular case of 
ground granulated blast-furnace slag, and the effect on the properties of the 
cementitious materials is a topic of study [2]. They are known to reduce the 
diffusion coefficient of chlorides in concrete [3]. 
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     The different temperature [4], and especially the different relative humidity 
[5] present in the environment, may cause a different microstructure [6] and, as a 
consequence, different service properties, such as compressive strength [7] and 
the diffusion coefficient of chlorides [8] in concrete.  
     In this work mortars made with two different cement types, an ordinary 
Portland cement and ground granulated blast-furnace slag cement, were tested in 
laboratory conditions and at a lower relative humidity. The development of their 
microstructure, durability and mechanical properties were studied at early 
hardening ages, as a function of the relative humidity of the environment. 

2 Experimental setup 

2.1 Sample preparation 

Mortar samples were prepared using an ordinary Portland cement (OPC), CEM I 
42.5 R (CEM I from now on), and a ground granulated blast-furnace slag 
(GGBS) cement (with a content of GGBS between 66-80% of total binder), 
CEM III/B 42.5 N/SR (CEM III from now on), according to the Spanish standard 
UNE EN 197-1. Two different water:cement ratios, 0.4 and 0.5, were employed. 
Fine aggregate was used according to the Spanish standard UNE EN 196-1. The 
aggregate to cement ratio was 3:1 for all the mortars. 
     Two kinds of specimens were prepared. Ones were cast in cylindrical moulds 
of 10 cm diameter and 15 cm height, while the rest were cast in prismatic moulds 
of dimensions 4 cm x 4 cm x 16 cm according to the standard UNE EN 197-1. 
Samples were kept in 95% RH chamber and 20ºC for 24 hours. After that time 
they were demoulded and cylindrical samples were cut into cylinders of 5 cm 
thick. 
     Curing conditions (RH and temperature) were managed with glycerol 
solutions introduced in hermetically sealed containers. Solutions were prepared 
according to the German standard DIN 50 008 part 1. Containers were 
introduced into a chamber with controlled temperature. There were two 
environmental conditions: curing condition A (100% RH and 20ºC, optimum 
laboratory condition) and curing condition B (65% RH and 20ºC). The tests were 
performed at 7, 28 and 90 days of age. 

2.2 Mercury intrusion porosimetry 

In order to study the microstructure of mortar samples, a classical and well-
known technique, such as mercury intrusion porosimetry, was used. Samples 
were oven dried for 24 hours at 105ºC, even though this fact could change the 
contact angle between mercury and cement [9]. Two measurements were made 
on each sample. The porosimeter employed was an Autopore IV 9500 from 
Micromeritics. This porosimeter allows pore diameter determination in the range 
from 5 nm to 0.9 mm. 
     It has to be considered, that as reported by Diamond [10, 11], only the 
dimensions of the pore superficial structure can be detected by MIP, and the 
irregularities in pore shape cannot be determined. However, information on the 
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possible tortuosity of pore network can be obtained from the mercury retained in 
the sample after the end of the experiment. The analysis of the curve plotting the 
logarithmic differential intrusion volume vs. pore size, or applied pressure, 
shows the size where pores appear. The numerical analysis will be done 
calculating the volume of pores at different pore diameter intervals. 

2.3 Capillary absorption test 

The capillary absorption test was performed according to prUNE 83.982. This 
test is based in the Fargelund method to determine the capillarity of concrete. 
Samples of 10 cm diameter and 5 cm height were used. According to the Rilem 
recommendation TC 116-PCD [12], the circumferential surface was sealed using 
self-adhesive tape. 
     Samples were completely dried for 24 hours in an oven at 105ºC. The Rilem 
recommendation [12] suggests a saturation degree of 70% on samples. The 
election of complete drying was made in order to accelerate the test. Especially 
at early ages, the hardening of samples has not been completed, and the contact 
with water for a long period may cause changes in the microstructure, and these 
changes are not a result of the hardening environment. According to the prUNE 
83.982, the samples were introduced in a container with a flat base. The 
container was filled with distilled water until 5±1 mm on the lateral surface and 
more than a 95% of the base of the sample was in contact with water. During the 
test, water level was kept constant and the container was hermetically closed. 
Samples were weighed at different times set in the standard. The test finished 
when the difference between two consecutive weights, with 24 hours difference, 
was lower than 0.1%, in mass. The capillary suction coefficient and effective 
porosity were calculated according to the expressions: 
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where εe is the effective porosity. Qn is the weight of the sample at the end of the 
test, g. Q0 is the weight of the sample before starting the test, g. A is the surface 
of the sample in contact with water, cm2. h is the thickness of the sample, cm. δa 
is the density of water, 1 g/cm3. K is the capillary suction coefficient, 
kg/m2min0,5. m is the resistance to water penetration by capillary suction, 
min/cm2. tn is the time necessary to reach the saturation, minutes. 
     For each cement type, curing condition and w:c ratio three different samples 
were tested. 

2.4 Forced migration test 

The forced migration test was performed according to NT Build 492. The result 
of the test is the non-steady-state chloride migration coefficient. The method 
required cylindrical samples with a diameter of 10 cm and a thickness of 5 cm. 
Samples were saturated for 24 hours according to ASTM Standard C1202-97 

 © 2009 WIT PressWIT Transactions on Engineering Sciences, Vol 64,
 www.witpress.com, ISSN 1743-3533 (on-line) 

Computational Methods and Experiments in Materials Characterisation IV  383



[13]. The specimens, introduced in rubber sleeves, were placed in the catholyte 
reservoir, filled with a 10% NaCl solution. The reservoir above the specimen 
was filled with a 0.3 N NaOH solution. The anode was immersed in the anodic 
solution. 
     An external electrical potential was applied across the specimens to force the 
chlorides to migrate into the specimen. The electrical potential and test duration 
was chosen according to the measured current applying an initial voltage of 30 
V. The value of the initial and final currents and temperatures were noted. 
     After the test, the specimen is axially split and sprayed with a silver nitrate 
solution (0.1 N). Chloride penetration depth was measured from the visible white 
silver chloride precipitate. The migration coefficient (Dnssm) can be calculated 
from this average penetration depth (xd) according to the expression: 
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where: Dnssm is the non-steady-state migration coefficient, x 10-12 m2/s, U is the 
absolute value of the applied voltage, V. T is the average value of the initial and 
final temperatures in the anodic solution, ºC. L is the thickness of the specimen, 
mm, and t is the test duration, hours. 
     For each cement type, curing condition and w:c ratio three different samples 
were tested. 

2.5 Mechanical strength test 

The strength was measured according to the Spanish standard UNE EN 196-1. 
Samples of dimensions 4 cm x 4 cm x 16 cm were tested. Compressive and 
flexural strength were studied. For each cement type, curing condition and w:c 
ratio three different samples were tested. 

3 Results and discussion 

3.1 Mercury intrusion porosimetry results 

Total porosity, Hg retained and pore size distribution of the samples were 
studied. The results of total porosity are depicted in Figure 1(A). Samples with 
w:c ratio 0.5 presented higher total porosity than with w:c ratio 0.4. 
     For curing conditions A, total porosity kept constant between 7 and 90 days in 
specimens prepared with CEM I. Only samples with w:c ratio of 0.4 have an 
important porosity decrease between 28 and 90 hardening days. Total porosity of 
samples of CEM III showed a high decrease between 7 and 28 days. This 
decrease only continued between 28 and 90 days for w:c ratio 0.5 specimens. 
     These results could mean that a higher RH accelerates the development of the 
hydration and pozzolanic reactions. With these reactions, new solids appear and 
total porosity decreases at early ages. 
     For curing conditions B, total porosity of CEM I samples and w:c ratio 0.5 
kept constant until 28 days and decreased between 28 and 90 days. Total 
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porosity in CEM III samples remained constant between 7 and 28 days, and 
decreased between 28 and 90 days.  It can be thought that the lower RH slows 
down hydration and pozzolanic reactions, and the decrease of total porosity 
happens later. 
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Figure 1: (A) Evolution with time of total porosity for both cement types and 
hardening conditions. (B) Results of mercury retained for 
specimens studied. Full symbols are for w:c ratio=0.5 while open 
symbols are for w:c ratio=0.4. 

     The study of the mercury retained in the sample after the end of the 
experiment enables to obtain information of the possible tortuosity of pore 
network. The results of total porosity are depicted in Figure 1(B). The percentage 
of mercury retained increased in most of the samples studied. For samples cured 
under conditions A, this increase of mercury retained is higher than specimens 
under conditions B. These results could mean that a higher RH helps the 
hydration and pozzolanic reactions. Then new solids are quickly made and 
tortuosity of pore network increases. 
     The study of pore size distribution of samples was done considering the 
following diameter ranges: < 10nm, 10-100 nm, 100 nm-1 μm, 1-10 μm, 10 μm-
0.1 mm and > 0.1 mm. 
     For all the samples studied, the majority ranges were 10-100 nm and 100 nm-
1 μm. Values of the contributions to total porosity are shown in Figure 2(A) for 
samples prepared with CEM I. The intrusion volume decreased with age in these 
mortars. At 7 days of age, the intrusion volume is higher for CEM I samples 
under curing conditions B. However, this volume is similar for the majority of 
the specimens at 90 days of age, independently of curing conditions. The pores 
volume of majority ranges decreased with time. From these results, it can be said 
that the higher RH accelerates the hydration reactions of CEM I specimens, and 
then, the pores volume of majority ranges decreases mainly at early ages. 
     For specimens prepared with CEM III, the pore size distribution is shown in 
Figure 2(B). The intrusion volume decreased quickly for samples under curing 
conditions A. For curing conditions B, the intrusion volume decreased at 90 days 
of age. These results show that a high RH in the environment makes easier the 
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development of pozzolanic and hydration reactions, and then, the intrusion 
volume decreases quickly. Nevertheless, if RH is lower, intrusion volume 
decreases later in the case of the cement type III that contains ground granulated 
blast-furnace slag cement. 
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Figure 2: (A) Pore size distribution for CEM I specimens under curing 
conditions A and B. (B) Pore size distribution for CEM III 
specimens under curing conditions A and B. 

3.2 Capillary absorption test results 

The capillary suction coefficient (K) and effective porosity of samples are 
obtained from the test. The results of capillary suction coefficient are shown in 
Figure 3(A). CEM I samples show a smaller coefficient K than the CEM III 
samples. For the curing conditions A, samples prepared with CEM III and w:c 
ratio 0.4 had the highest coefficient K and it kept practically constant. Specimens 
with same type of cement and w:c ratio 0.5 presented lower coefficient K at the 
age of 7 days, but it increased with time. For both w:c ratios, the coefficient K 
for samples prepared with CEM III under curing conditions A was very similar 
at the age of 90 days. 
     The CEM I samples under curing conditions A had a small rise of coefficient 
K between 7 and 90 days of age. Specimens with w:c ratio 0.5 presented lower 
coefficient K than with w:c ratio 0.4. 
     For the curing conditions B, samples with CEM III and w:c ratio 0.4 had 
higher coefficient K than w:c ratio 0.5 at the age of 7 and 28 days. The 
coefficient K at the age of 90 days presented a very important increase and had a 
very similar value for both w:c ratios. Specimens with CEM I and w:c ratio 0.5 
had a smaller coefficient K than w:c ratio 0.4 at the age of 7 days. The 
coefficient K of w:c ratio 0.5 samples decreased with the age and it increased for 
the samples with w:c ratio 0.4. At the age of 90 days the coefficient K was very 
similar for both w:c ratios. 
     The effective porosity of samples cured in conditions A was lower than the 
porosity of samples cured in conditions B. For both curing conditions, samples 
prepared with w:c ratio 0.5 had higher effective porosity than with w:c ratio 0.4. 
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Figure 3: Results of capillary suction test. (A) Depicts the variation of the 
capillary suction coefficient with time for both cement types and 
hardening conditions. (B) Shows the water effective porosity also 
obtained from the test. Full symbols are for w:c ratio=0.5 while 
white symbols are for w:c ratio=0.4. 

     For curing conditions A, specimens with CEM III showed a lower effective 
porosity than with CEM I for the same w:c ratio.  
     As it can be seen in Figure 3(B) for each cement type, and w:c ratio the 
values of the water porosity are greater always under the curing conditions 
named B. This parameter has the physical meaning of the volume fraction 
accessible by water, and as a consequence by aggressive (i.e. chloride). This 
result proves that the laboratory conditions are optimal, and give a greater 
durability, from this point of view. This behaviour can be explained in terms of 
the higher RH present in the curing environment A. The unrestricted presence of 
water in the environment makes easier the development of the hydration and 
pozzolanic reactions. The products of these reactions are solid phases that cause 
a more compact structure of the materials. 
     When the RH is smaller than 100% (65% condition B) these reactions are 
slower, specially the pozzolanic reactions. This fact is reflected in the results of 
the effective porosity. As it can be seen, the influence of the relative humidity 
has a greater importance for CEM III. Samples hardened at 100% RH show a 
decreasing tendency from the beginning of the study, while samples hardened at 
65% RH show an important decrease of the effective porosity between 28 and 90 
days. From these results it can be said that the lower relative humidity causes a 
slower development of the hydration and pozzolanic reactions, meaning that 
until 90 days a worse behaviour can be expected from the point of view of the 
aggressive ingress in concrete. The high decrease of the effective porosity from 
28 to 90 days for the CEM III suggests a study at later ages, where the behaviour 
of cement with slag can be similar in both environments.  
     The behaviour of CEM III is always better than CEM I, and even in the 
hardening condition with less water, the difference in the effective porosity 
increases with time, which means a big improvement with time of the durability 
of mortars containing CEM III. 
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3.3 Forced migration results 

The results of the non-steady-state migration coefficient (DNTB) are depicted in 
Figure 4. 
     The migration coefficient has smaller values for samples prepared using CEM 
III than using CEM I. This result could be expected from the results obtained for 
the total, and water effective porosities. For mortar specimens with CEM I under 
curing condition A (100% RH), the samples with w:c ratio 0.4 had the highest 
migration coefficient at 7 days age. The chloride migration coefficient obtained 
with these samples decreases with the hardening age, and at the age of 90 days 
their migration coefficient is the lower of all the CEM I samples.  
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Figure 4: Results of the non-steady-state migration coefficient (DNTB) for 
both types of cements studied. Full symbols are for w:c ratio=0.5 
while white symbols are for w:c ratio=0.4. 
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Figure 5: (A) Evolution of the compressive strength with the age of mortar 
samples. (B) Results of the flexural strength for specimens studied. 
Full symbols are for w:c ratio=0.5 while white symbols are for w:c 
ratio=0.4. 
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     For the curing conditions B (65% RH), samples of OPC and w:c ratio 0.5 had 
higher DNTB than samples with w:c ratio 0.4 and both presented a similar 
decreasing tendency of DNTB between 7 and 28 days age. As should be expected 
from previous results, samples prepared with CEM III in curing conditions A had 
an important decrease of DNTB with special importance between 7 and 28 days. 
In curing conditions B, the biggest decrease of the migration coefficient 
happened between 28 and 90 days. At the age of 90 days, DNTB was very similar 
for all the samples of CEM III. 
     Again, it is shown that a high RH in the environment makes easier the 
development of hydration and pozzolanic reactions, and then, the non-steady-
state migration coefficient decreases quickly. Nevertheless, if RH is lower, the 
pozzolanic reactions develop slower and the non-steady-state migration 
coefficient decreases later, but also reaches good values for CEM III. 

3.4 Strength results 

Compressive and flexural strengths were studied. Compressive strength results 
are depicted in Figure 5(A). Flexural strength results are shown in Figure 5(B). 
     Both strengths increased in the majority of studied samples. For samples 
cured under conditions A, this increase is higher than that obtained under 
conditions B. These results could mean that a higher RH accelerates the 
hydration and pozzolanic reactions. Then new solids are quickly formed and the 
gain of strength is faster in this case, in coincidence with all the results already 
discussed. 

4 Conclusions 

The main conclusions that can be obtained from the results previously discussed 
can be summarized as follows: 
     Relative humidity has an influence on materials properties. This influence is 
higher in cements containing ground granulated blast furnace slag (CEM III). 
     Hg retained is greater in CEM III mortar samples. This shows that the 
tortuosity of pore network increases due to the formation of new solids, by the 
hydration and also the pozzolanic reactions. 
     In general, CEM III samples show better properties of durability at 90 days of 
age. 
     High relative humidity improves slightly the durability properties of CEM I 
mortars. The presence of water favours hydration reactions of CEM I 
components. 
     The development of pozzolanic reactions and the formation of new solids, 
cause an important improvement of durability properties of CEM III mortars.  
     The improvement of the durability is delayed in environments with relative 
humidity lower than 100%, but after 90 days hardening these properties have 
reasonable good values. 
     Compressive and flexural strength increased with the age in the majority of 
samples studied. 
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