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Abstract: Cracks can alter the rate of fluid transport in concrete. 
Unfortunately, however, quantitative information is lacking to provide 
definitive statements regarding the extent to which cracks reduce durability  
or long-term performance. This paper describes a study that used  
X-ray transmission/attenuation to determine the influence of cracking on the 
absorption of fluid in concrete. Specifically, an experimental method is 
presented which uses a wedge splitting test to pre-crack specimens. These  
pre-cracked specimens were dried and ponded with water. At various times 
after the start of water ponding, X-ray attenuation measurements were taken 
using a grid of points around the crack. By repeating this measurement and 
comparing the change in X-ray transmission/attenuation, the ingress of the fluid 
could be determined by locating the position of the moisture front. An approach 
is presented to determine the geometry of the crack by using water absorption 
perimeter measurements of the wetting front in the concrete. 
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1 Introduction and background 

The durability of a concrete structure is related to its ability to impede, or greatly reduce, 
the rate of fluid transport. While a great deal of research has been performed to assess the 
corrosion susceptibility of steel in concrete structures; the majority of previous research 
has been focused on describing the behaviour of undamaged (pristine) concrete, and 
comparatively little work has been performed to quantitatively describe how these 
properties change due to cracks. The effect of crack width on performance is not very 
well established and there are controversial findings about the role of cracking in the 
performance of concrete structures with some authors citing significant decreases in 
performance while others report that cracks have less substantial impact on overall 
performance. 

Visible cracks are generally thought to increase penetrability. Wang et al. (1997) used 
splitting tensile specimens to show that cracks greater than 50 microns increase the 
potential for water and other aggressive agents to flow through the concrete. In a follow 
up study, Aldea et al. (1999) reported that high-strength concrete (designed to 
demonstrate low permeability) had flow rates after cracking that were nearly identical to 
cracked normal strength concrete. Edvardson (1999) presented an analytical model to 
show that the flow of water through a crack would be related to the cube of the crack 
width. It should be noted that these studies each describe a case in which tensile loading 
was used to introduce the crack in saturated concrete and the direction of the flow was 
primarily through the crack. The crack was also a single coalesced crack which had a 
uniform width throughout the thickness (i.e., the crack faces are approximately parallel). 
As such, the approach described by Edvardson (1999) focused primarily on comparing 
the flow of water into the crack and the water that exits in the crack. This assesses the 
flow through the crack however little information is available on the movement and 
accumulation of water in the cracked concrete if it is not saturated. 

Other researchers have also investigated the influence of cracking on ingress flexural 
tests by Hansen et al. (1999a) showed higher water absorption rates due to distributed 
cracking in plain and fibre reinforced concrete caused by flexural loading. Hearn (1999) 
reported that cracking caused by tensile loading prior to a specimen reaching the peak  



   

 

   

   
 

   

   

 

   

    Using X-ray transmission/attenuation to quantify fluid absorption 5    
 

    
 
 

   

   
 

   

   

 

   

       
 

load does not have a substantial influence on the transport properties. It was concluded 
that this may occur as a result of narrower cracks being healed by autogenous healing 
owing to chemical deposition in the cracks (Hearn, 1998). Similarly, Samaha and Hover 
(1992) did not observe any significant increases in penetrability for specimens tested in 
compression until the load reached approximately 75% of the peak load which may 
indicate that crack coalescence, rather than micro-cracking alone, may be required before 
substantial changes in the transport response occur. Direct tensile tests by Yang et al. 
(2007) indicated that absorption may be locally altered by a single crack however this 
may not have a substantial influence on an absorption rate measured for a large sample. 
Küter et al. (2005) observed that repetitive loading caused in increased chloride ingress 
into saturated cracks and proposed this to be due to overpressure in the crack tip near 
region. 

In addition to previous studies that focused on cracking caused by mechanical 
loading, studies have been conducted to look at cracking caused by environmental 
loading (i.e., freezing and thawing, thermal cracking, or drying and autogenous 
shrinkage). While a load induced crack is generally a localised event (i.e. a discrete 
crack), environmentally induced cracking tends to be more distributed in nature. Guse 
and Hilsdorf (1997) found that surface cracking is more likely to occur in high strength 
concrete than in normal strength concrete, and showed that these cracks can substantially 
increase surface permeability, despite having minimal influence on mechanical 
behaviour. Wiens et al. (1997) and Jacobsen et al. (1997) observed that under certain 
conditions high strength concrete developed a significant number of finely distributed 
micro-cracks, which accelerated the penetration of de-icing salts and freeze-thaw 
damage. Fagerlund (1997) speculated that cracks facilitate increased water absorption, 
thereby further accelerating freeze-thaw damage. Yang et al. (2006) showed higher 
absorption rates for freeze-thaw damaged concrete due to the interconnected cracking 
network. 

This paper describes a technique that is being used to quantify the role of cracking on 
water absorption. Testing methods like ASTM C1585-04, the standard test method for 
measurement of rate of absorption of water by hydraulic-cement concretes, assess 
absorption by an overall change in sample mass (McCarter et al., 2005; Rajabipour et al., 
2005). The procedure described in this paper is based on using a change in X-ray 
transmission/attenuation to measure the time dependent movement of fluid in the region 
around the crack. 

X-rays have been previously used to study cracking in building materials. For 
example, Landis et al. (2003) have used X-ray tomography to locate and image cracks. It 
should be noted that relatively small specimens were used to obtain sufficient resolution 
from the technique. Similar studies were performed by Lawler et al. (2001) on specimens 
under load. In each of the aforementioned studies X-ray was used to detect a difference in 
material density due to the presence of a void (or crack). More recently, X-ray 
tomography has become popular owing to a rise in ‘desktop’ X-ray units. 

Other researchers have used the X-ray transmission/attenuation to study the change in 
material density that occurs as a result of water movements (Bentz et al., 2001; Bentz  
et al., 2000). Since then this approach has been used to assess moisture loss due to drying 
in wood specimens (Jensen et al., 2001), in unburned clay (de Place and Hansen, 2002) 
and in masonry units (Hansen et al., 2003). In each of the aforementioned approaches the 
movement of water was assessed by detecting a difference in absorbed photons that were  
 



   

 

   

   
 

   

   

 

   

   6 J. Weiss et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

transmitted through the sample and received at the detector before and after water 
movement. The studies that have followed show the value of this technique. Roels and 
Carmeliet (2006) used an elegant approach to describe radiography for ceramic brick and 
cracked cellular (foamed) materials. Sant and Weiss (2009) examined the variation 
associated with variations in the X-ray beam energy. Sant et al. (2010) and Pour-Ghaz et 
al. (2009) and Pour-Ghaz et al. (2011) examined fluid ingress from a sample surface and 
in saw cuts respectively using fluids with different surface tensions and viscosities. This 
aided in understanding the role of fluid type which has implications on its use for 
assessing the movement of solutions containing deicing salts (Spragg et al., 2011) and 
contrasting agents (Pourasee et al., 2011). Pease et al. (2009, 2011) examined fluid 
ingress in plain and fibre reinforced concrete using X-ray radiography and related  
the physical crack geometry with an ‘effective crack’ obtained from a fracture 
mechanics-based hinge model. Pourasee et al. (2011) used X-ray radiography to examine 
fluid movement at steel and fabric reinforcement in cementitious mortars. In addition to 
using X-rays, researchers have explored other technologies that may have a higher 
contrast than X-rays. For example, Zhang et al. (2010) and Trtika et al. (2011) used 
neutron radiography to assess fluid ingress at cracks in mortar and to assess fluid 
movement from water sources (lightweight aggregate and super absorbent polymers) in 
the concrete. 

2 Experimental program 

This paper describes work performed while the first author was on sabbatical at the 
Technical University of Denmark. During that time X-ray measurements were made on 
cracked concrete samples. Since the time these experiments were performed there have 
been several studies that have used a variety of X-ray imaging and analysis to assess fluid 
transport in concrete as mentioned in the previous paragraph. While the full image 
analysis approaches have clear benefits in terms of speed and efficiency, this paper 
describes the use of an earlier technique that used point by point analysis with a beam 
with a small spot size (diameter of approximately 1 mm). While the authors believe full 
image analysis has great benefits, this paper illustrates a few important concepts using 
data from the earlier point by point studies. First, the paper provides a discussion on how 
integration time influences the variability of the measurement and suggests the use of 
different integration times for dry (sample before wetting began) and wet (sample after 
wetting began) samples as a method to reduce variability if testing times for the wet 
specimen are limited. Second, the paper discusses several of the experimental details 
associated with testing heterogeneous systems like concrete due to the relatively large 
size of the aggregates as compared with the thickness. The influence of local variations 
due to aggregate is not observed in mortar and paste testing. Third, this paper describes 
an approach to determine initial effective crack length based on water absorption in a 
concrete as it is rewet. 
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2.1 Mixture proportions and specimen preparation 

Two concrete mixtures were used in this investigation. Both concretes contained 65% 
aggregate consisting of equal proportions of granite aggregate and graded sand. The 
mixtures had a water to cement ratio (w/c) of 0.42 and were prepared with an ordinary 
Danish Portland cement. The primary difference between these mixtures was the 
maximum size of the aggregate (MSA) with one mixture containing aggregates with a 
MSA of 8 mm and the other mixture with a MSA of 16 mm. In addition to these 
concretes, samples (50 mm × 100 mm × 100 mm) of the granite aggregate and samples of 
mortar (with proportions identical to that expected in the concrete minus the coarse 
aggregate) were tested. 

The specimens were mixed using a 60 litre batch size in a conventional pan mixer. 
The aggregates, half the sand, water, cement, and remaining sand were added to the 
mixer. Mixing was performed for two minutes, the mixer was permitted to rest for two 
minutes and an additional minute of mixing was performed. 

After mixing the concrete was placed in cylindrical forms for compression testing and 
cube forms for wedge splitting tests. The cylinders were 100 mm diameter and 200 mm 
tall. The wedge splitting specimens were made using 100 mm cubes that were cast using 
an insert to create a 33 mm × 20 mm void (i.e. water or chloride solution reservoir) at the 
top of the specimen. Figure 1 shows a picture of the wedge splitting specimens used in 
this test. At an age of 1 day the cylindrical and wedge splitting specimens were 
demolded, labelled and stored in a lime saturated water bath at 20˚C. At an age of  
14 days the cubes were cut in half using a wet diamond tipped saw to create the specimen 
that was 100 mm tall, 100 mm wide, and 50 mm thick. The notch was then cut in the 
specimen creating a notch that was 3 mm wide and 30 mm deep. After the notches were 
cut the specimens were placed in an oven at 50˚C until the age of 21 days. It should be 
noted that oven drying has been reported to increase absorption in materials due to 
potential damage in the microstructure, however this study was intended to investigate 
the use of the measuring technique and oven drying enabled a uniform moisture content 
to be attained reasonably quickly. 

At an age of 21 days the wedge splitting specimens were removed from the oven and 
half of the specimens were mechanically tested using the wedge splitting test geometry 
(Figure 1), (Ostergaard, 2003) while the other half of the specimens were left to be tested 
without the introduction of the crack. Loading was performed following the procedure 
similar to that outlined by Ostergaard (2003) with the crack mouth opening displacement 
being used to control the test. The crack mouth opening was permitted to increase to 0.4 
mm before the load was slowly removed. Upon removal of the loading the crack  
mouth opening closed to 0.3 mm as shown in Figure 1(b). After mechanical testing  
the specimens were placed back in the oven at 50˚C where they remained for an 
additional 35 days to enable them to achieve a uniform level of moisture throughout the 
specimen. 

 

 
 
 
 
 



   

 

   

   
 

   

   

 

   

   8 J. Weiss et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 1 (a) Typical wedge splitting specimen geometry (a line from a black marker is shown on 
the specimen below the saw-cut, this was used to align the specimen during testing) and 
(b) typical wedge splitting test loading and unloading diagram (CMOD measured 20 
mm from the top of the specimen, every 50th data point is plotted) (see online version 
for colours) 
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After removing the specimens from the oven and allowing them to cool, the specimens 
were partly wrapped using an epoxy impregnated composite fabric. Since the time of this 
work the researchers have found that for short term testing the use of an aluminium tape 
is sufficient to wrap the samples and is more convenient to work with. Before placing 
either the epoxy or fabric on the specimen a small piece of tape was placed along the 
crack (with an approximate size of 10 mm × 50 mm). This tape was placed on the 
specimens to avoid the risk of having the epoxy migrate into the crack. A single piece of 
fabric was used to cover both faces and the bottom of the specimen. This enabled a water 
reservoir to be created on the top of the specimen. After 24 hours the sides, faces, and 
bottom of the specimen were coated using a second layer of epoxy that was applied to the 
specimen leading the top and wedge exposed. Lego blocks were glued to the specimen to 
enable it to be positioned in the X-ray chamber in a repeatable position (Bentz et al., 
2000) (Figure 2). 
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Figure 2 (a) Typical illustration of the specimens in the X-ray chamber and (b) a close-up view 
of the specimen ready for water introduction (see online version for colours) 
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At an age of 28 days the compressive strength was tested in accordance with ASTM C-39 
(compressive strength of cylindrical concrete specimens). Results of the compressive 
strength tests indicated that the specimens with the 16 mm MSA had a 28 day 
compressive strength of 38 MPa with a standard deviation of 3.2 MPa while the concrete 
with a MSA of 8 mm had a 28 day compressive strength of 42 MPa with a standard 
deviation of 2.9 MPa. The air contents of the concrete were measured in accordance with 
ASTM 173 and were to be 0.8% and 0.5% for the concrete with the 8 mm and 16 mm 
respectively. 
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2.2 Measurement technique 

The specimens were tested in the GNI X-ray attenuation system located at the Technical 
University of Denmark (Hansen et al., 1999b). This system consists of an X-ray source 
placed at a specific distance from a detector in an environmentally controlled chamber. 
While this distance can be varied between the source and the detector, for the studies 
described in this paper the detector has been placed 400 mm from the source. By placing 
the concrete sample between the X-ray source and the detector the specimen prevents a 
portion of the transmitted X-ray from reaching the sample. The portion of the X-ray that 
interacts with the sample can be either absorbed or reflected (attenuated). As such the 
resulting X-ray spectrum that is measured when the sample is between the source and 
detector is substantially lower than the spectrum measured in free air (i.e. with no sample 
in place). 

This study used the X-ray tube at an energy level of 75 keV and a current of 15 μA. A 
collimated X-ray beam was passed through the specimen and a NaI detector was used to 
measure the photon count over 256 channels. This X-ray beam has a diameter of 
approximately 1 mm and can be moved using a programmable x-y positioning table with 
a resolution of ± 0.1 mm. Figure 2 illustrates the prepared sample before the addition of 
water in the testing chamber. It should be noted that the user has the ability to control the 
duration of time (i.e. count time) for the detector to collect the information at any point 
and this will be discussed later in the paper. 

3 Experimental procedures and results 

3.1 Typical spectra 

Figure 3(a) illustrates the measured X-ray spectra that passed through open air, 50 mm of 
water, and 50 mm of concrete and was recorded at the detector (the figure shows  
values of concrete multiplied by a factor of 10). It can be observed that the spectrum that 
was measured in open air is substantially greater than water, and water has a spectrum 
that has a greater number of counts than the other materials tested in this study.  
While the information measured between channels 0 and 160 corresponds to the 
specimen between the source and the detector, the peak occurring between channel 170 
and 256 (with a peak at approximately channel 200) is generated by an internal cobalt 
source that is used for system calibration and therefore this information is not shown. 
Figure 3(b) illustrates the measured spectra for mortar, concrete and aggregate. It can be 
seen that the aggregate had the highest attenuation while the mortar had the lowest. 
Concrete, being a composite of the mortar and aggregate was located in between the 
responses of the other two constituent. 

It should be noted that for the sake of this investigation the total counts per second is 
used as a simple single parameter to assess the total counts that passed through the 
specimen at each point in the specimen and was captured by the detector. The term ‘total 
counts’ refers to the sum of counts that are measured over the first 160 channels. To 
ascertain the repeatability that may be expected for each material, a count time of two 
minutes was used for obtaining this data and fifteen points at random locations 
throughout the material. Table 1 provides a comparison of the mean X-ray counts and 
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coefficient of variation for the materials tested in this study. It should be noted that the 
aggregate, mortar, paste, and water have a relatively low coefficient of variation 
presumably owing to the consistency of these materials from point to point. The 
variability increases as aggregate is added to the mixture and further the variability 
increases as the size of this aggregate is increased. This may be due in part to scattering; 
however, it is believed that this is largely due to local variations of the amount of 
aggregate at any point in these relatively thin samples. 

Figure 3 (a) X-ray spectra measured at the detector in counts in air, water and concrete, and 
(b) in aggregate, concrete and mortar (see online version for colours) 
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Table 1 Comparison of the average counts received at the detector (per unit thickness and 
second) for different materials along with their coefficient of variation 

X-ray counts received  

Average counts/mm/sec Coefficient of variation % 

Water 531.6 0.05 
Paste 19.3 0.85 
Mortar 25.4 2.32 
Concrete* 20.8 14.15 
Concrete** 21.0 15.46 

Notes: Thickness of specimen: 50 mm; count time: 2 min; 15 points over and area of  
40 mm × 80 mm; * 8 mm maximum aggregate size; * 16 mm maximum aggregate 
size 

3.2 Assessing the accuracy of measurement techniques 

The first parameter that needed to be determined before the testing protocol could be 
established was the relationship between measurement variation and the duration that the 
measurement was conducted over (i.e. count time). As expected the standard deviation of 
the X-ray count measurements reduces with a longer count time. To quantify the 
influence of count time, a series of tests were conducted measuring the coefficient of 
variation for a measurement taken seven times at five separate locations (approximately 1 
cm apart) in the concrete with the 16 mm MSA for different count times (2, 5, 10, 20, 30, 
60 and 90 sec). The results of this investigation are plotted in Figure 4 and a regression 
analysis was performed to determine the values shown in equation (1) (R2 = 0.99) 

13.14%= ⋅σ
t

 (1) 

where t is the count time of the measurement as given in seconds. It should be noted that 
this describes the variability associated with a single measurement. 

Since this study will investigate the influence of rewetting the specimen is necessary 
to discuss the variability that may be expected when two measurements are compared 
with one another. The fundamental idea behind comparing two measurements is that the 
addition of water will cause a change in the density (and a change in X-ray attenuation) at 
a particular point in a sample. Therefore, to assess how much water has entered the 
system the difference between the measured response of the dry and wet state is needed. 
As a result the error needs to be assessed considering the fact that both measurements 
have a certain degree of uncertainty. Equation (2) can be used to describe the coefficient 
of variation that results from two measurements. 

( )2 2= +Total Dry Wetσ σ σ  (2) 

where the total coefficient of variation (σTotal) is related to the coefficient of variation in 
the dry specimen (σDry) and wet specimen (σWet). 

At this point it is important to note that the rate of water absorption can be rapid in 
concrete. As a result there is a trade-off between the number of measurement points that 
can be used for each specimen and the count time that can be used at each point.  
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Equation (2) was used to estimate the variation that can be expected in a system that is 
rewet using count times for the measurement in the wet condition that is different from 
the count time in the dry condition. It was observed that the variation in the measured 
response can be reduced by increasing the count time on the dry specimen as the duration 
of the test is less of a constraint before water is introduced. This allows the count time in 
the wet specimen to be substantially shorter. 

A protocol was implemented in this work that used a 2 minute dry count time and a 
15 second wet count time. This approach shows reasonable repeatability considering that 
the entire measurement can be performed on the dry specimen in 3 hours while the wet 
specimens could be measured in approximately 35 minutes (it should be noted that in 
addition to the count time there is time for the X-ray source and detector to be moved 
from one position to another). Using this protocol implies that a change in the X-ray 
attenuation ratio of more than 2% in the measured X-ray intensity could be safely 
assumed (97.5% confidence) to signal a change in the moisture content of the system. A 
Monte Carlo simulation was used to confirm these results. While these times dramatically 
improve with full field image analysis there are times where this is still important as in 
the case of ‘tiling’ images together to improve the field of view (Pourasee et al., 2011; 
Pease et al., 2011). 

Figure 4 Variability in measured X-ray count response as a function of time (see online version 
for colours) 
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At the time of this study, it was noted that previous studies have simply used the 
difference between the number of counts in the dry and wet samples as a measure of 
water ingress. These tests were typically performed on mortars or pastes which can be 
considered fairly homogenous throughout the thickness of the specimen. Since these 
experiments were performed several research groups have more commonly using Beer’s 
law directly relate the difference in counts to a thickness or volume of water at each 
location (Sant and Weiss, 2009; Sant et al., 2010; Pour-Ghaz et al., 2009; Pour-Ghaz  
et al., 2011; Spragg et al., 2011; Pourasee et al., 2011; Pease et al., 2009; Pease et al., 
2011); however this points to a critical feature that has not been directly addressed, to the 
best of the authors knowledge, in the other studies. The materials used in this study are 
concretes, and are relatively thin as compared with the aggregate size. As such, they will 
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have some degree of heterogeneity. Said another way, these materials will have more or 
less aggregate at each sampling location in the sample. This is a critical feature as water 
absorption of the mortar and aggregate can be quite different. Therefore if one just 
assesses the volume of water at each location this may not be able to be used to directly 
make comments on the degree of saturation or proportion of pore volume that is water 
filled at each location. For example, in this specific experiment, the aggregate has a  
long-term total change in mass (i.e. absorption capacity) due to absorption of 
approximately 0.06% while the mortar had a total long-term change in mass due to 
absorption of approximately 3.5%. As a result it is essential to determine the amount of 
aggregate at a given location in the specimen. 

The volume fraction of aggregate at each measurement point was estimated using a 
combination of Beer’s law and a simple rule of mixtures approach (Rogasik et al., 1999) 
in equation (3) 

100%−
= ⋅

−
Mortar Concrete

Aggregate
Mortar Aggregate

μ μV
μ μ

 (3) 

where μConcrete is the ‘measured’ X-ray attenuation in the concrete, μAggregate is the X-ray 
attenuation for a sample of pure aggregate, μMortar is the X-ray attenuation for a sample of 
pure mortar, and VAggregate is the volume fraction of the aggregate at each section of the 
sample that the X-ray was passing through. The ‘measured’ X-ray attenuation coefficient 
was calculated from experiments on the dry sample (since longer count times were used) 
using the measured sample thickness. To ascertain the applicability of this approach a 
series of ten measurements were taken in a specimen. This specimen later sectioned and 
examined under a microscope trying to align the locations of microscopic investigation 
with where the X-ray attenuation measurements were made. The physically observed 
aggregate fraction was found to correlate reasonably well with the predictions from 
equation (3). Further, the total average volume fraction of aggregate was computed for 
each specimen and found to be similar to that that would be expected from the mixture 
proportions. 

The overwhelming majority of the water absorption (ABS) occurs in the mortar phase 
of the concrete. As a result, a normalised version of the change in X-ray attenuation 
(ABS) was used to assess the moisture ingress using the aggregate volume from  
equation (3). Equation (4) illustrates how ABS was computed. 

1 100%− −

−

−
= ⋅ ⋅Concrete Dry Concrete Wet

Concrete Dry Aggregate

μ μ
ABS

μ V
 (4) 

It can be shown [using equation (2)] that when the value of ABS is less than 2% this 
corresponds to variations that can be expected to occur within standard measurement 
variations (for 97.5% confidence) on a dry specimen. It was also observed that a value of 
ABS that is greater than 10% corresponds to a degree of saturation of over 95% for the 
mortar. 

X-ray attenuation measurements were performed on the wedge splitting specimen 
shown in Figure 5. The grid that the X-ray attenuation was measured over is also shown 
in Figure 5. The X-ray attenuation measurements were begun on a column of points 
directly below the crack (x = 0, y = 0, –4, –8, –12, –16, –24, –32, –40 mm). After 
measuring the column below crack, the X-ray attenuation was measured in rows of points  
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beginning at the top of the grid (y = 8 mm) and working across the specimens (x = –40,  
–32, –24, –16, –8, –4, 0, 4, 8, 16, 24, 32, 40 mm). These measurements were performed 
along horizontal rows at (y = 8, 0, –8, –16, –24, –32, –40 mm). This entire grid consisted 
of a matrix of 98 measurements. The time discussed in the measurement interpretation 
refers to the time that the measurements were begun and the entire matrix required 
approximately 35 minutes to complete the actual measurements and entire matrix was 
programmed to a 40 minute schedule. 

Figure 5 An illustration of the specimen geometry and X-ray positions (see online version  
for colours) 
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4 Discussion of results 

Figure 6 illustrates the normalised change in X-ray attenuation (ABS from equation 4) for 
a concrete with a MSA of 8 mm at various times after the introduction of water. A typical 
concrete sample without a crack is shown on the left side of the diagram while the 
cracked concrete is shown on the right side. The contour lines in these graphs correspond 
to different levels of normalised difference in X-ray attenuation (ABS) with 2% being the 
minimal level of repeatable detection and 10% corresponding to saturation. 

It is important to recall that the origin of this graph (0, 0) corresponds to the tip of the 
saw-cut that is filled with water (Figure 5). It can be noticed that in the specimens 
without the crack the moisture proceeds parallel to the vertical walls of the saw-cut and 
forms a hemisphere at the bottom of the saw-cut. This is similar to the predictions of Hall 
and Hoff (2002) for various absorption specimen geometries. Over time the diameter of 
the hemisphere at the bottom of the saw-cut increases. 

The cracked specimen however shows that the water extends further below the 
bottom of the saw-cut. This illustrates that the crack (which is wide at the top and 
tapered) has a large portion of the crack that is presumably acting like a free surface. The 
water penetration front appears to have a larger vertical front over a larger portion of the 
specimen while at the same time progressing toward the bottom of the specimen. 
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Figure 6 Typical plots of the normalised difference in attenuation (ABS) around the tip of the 
sawcut (0,0) for (a) uncracked and (b) cracked specimens (8 mm MSA) 
(see online version for colours) 
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In addition to looking at the qualitative differences in the graphs it is possible to use these 
graphs to assess quantitative information about the specimens that were tested. For 
example the volume of the paste that was rewet could be determined by computing the 
area represented by each contour line. In addition the perimeter of the contour lines could 
be used to determine the ‘saturation perimeter’ at each age. The saturation perimeter may 
be used to estimate the initial geometry of the problem (if it were unknown) and can 
therefore be used to estimate a crack size to estimate how much of the crack surface acts 
as a free surface. 

Figure 7 illustrates a plot of the saturation perimeter at different times after water 
addition. (The time corresponds to the time at which the measurement of the grid began). 
The initial perimeter of the crack (i.e. y-intercept) can be estimated from these graphs. 
 As one may expect, the perimeter for the cracked specimens is higher than the uncracked 
specimens. The uncracked specimens have a perimeter that is only slightly higher  
than the 19 mm saw-cut surface perimeter (8 mm side + 3 mm bottom + 8 mm side)  
that would be expected from the initial saw-cut geometry. This is likely due to the 
assumption that the initial measure corresponds to the time of water addition when in 
reality it is anywhere between the time of water addition and 35 minutes after  
water addition. It can be seen that the perimeter increases approximately in proportion 
with the square-root of time. The cracked specimens have a y-intercept of 54 mm for the 
specimen with the 8 mm MSA and 69 mm for the specimen with the 16 mm MSA.  
This would imply that the concrete with the 8 mm MSA would have a crack of 
approximately 20 mm depth that acts as a free surface while the 16 mm MSA would be 
approximately 26 mm. This would be consistent with the idea that a more coarse  
grained materials having a larger hysteresis on unloading due to interparticle friction as 
the crack closes. This may imply that the crack would be more likely to remain slightly 
open after unloading. Also a difference in slope (i.e. sorptivity) of the uncracked and 
cracked specimens can be observed, according to expectations, cracking increases the 
sorptivity of the specimens. 

Figure 7 Typical plots of the perimeter of the water saturation area in the wedge splitting test 
(see online version for colours) 
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5 Summary and conclusions 

This paper has illustrated a procedure in which the difference in X-ray attenuation 
between a dry concrete and a rewet concrete can be used to assess fluid transport 
(absorption) in heterogenous concrete. A procedure was developed to estimate the local 
coarse aggregate volume using a combination of Beer’s law and the law of mixtures. This 
is important since in many thin elements the volume of the aggregate can vary 
considerably at each location in the sample. The change in attenuation during wetting was 
used to assess the moisture absorption in the mortar part of the specimens. While more 
recent work has shown the power of using full image analysis this work shows principles 
for improving resolution by using different drying and wetting times when measurement 
time is a limiting step. This can be important for point measurements as well as when 
image tiling is used. A wedge splitting test was used to introduce a crack in a specimen. 
After the crack was introduced, the specimen was dried to achieve a uniform moisture 
condition throughout the specimen. The specimen was then tested using a local ‘spot’ to 
assess the portion of the X-ray beam that was transmitted through the specimen. The 
change in attenuation was measured on a grid of points throughout the specimen. The 
uncracked specimen was observed to have an elliptical water absorption front centred at 
the bottom of the saw-cut, while the cracked specimen (0.4 mm initial crack width) 
appeared to indicate that a large portion of the crack face essentially acted as a free 
surface. The X-ray attenuation technique is quite powerful and should make it possible to 
investigate water absorption in cracked concretes, in elements with varying moisture 
distribution before rewetting, and in elements with complicated geometries. 
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