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Abstract 

Numerous field and lab-based methods attempt to measure the progression of damage due to alkali-
silica reaction (ASR). Field-based methods include crack index mapping and crack growth 
measurements. Macroscopic laboratory-based studies typically involve residual expansion 
measurements. Microscopical approaches include the damage rating index (DRI), determining the 
microcrack index, and characterizing the composition of reaction products associated with ASR. 

In this pilot study we explore the feasibility of using electrical resistivity to measure the progression of 
damage from ASR. Cores extracted from a 55-year-old structure affected by ASR serve as the test 
specimens in this study. Two sets of cores were exposed to residual expansion tests at 38±2°C and 
60±2°C for 6 months. Another core not subjected to accelerated residual expansion testing was used 
as a control. DRI analysis and bulk resistivity were then measured for each specimen. There is a good 
linear relationship between the DRI scores, bulk resistivity and expansion. Compared to the control, the 
residual expansion samples show higher DRI scores, and lower bulk electrical resistivity at the Nick 
point. This is consistent with cracks and microcracks associated with the progression of ASR increasing 
both the porosity and connectivity of the pore network. The linear relationships between bulk electrical 
resistivity, DRI scores and residual expansion indicates that bulk electrical resistivity is a useful tool for 
measuring damage in concrete affected by ASR. This may also be an important initial step to developing 
techniques to measure how ASR affects concrete transport properties and developing methods to 
simulate service life of concrete affected by ASR, particularly in environments where chloride penetration 
is a concern. 
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1. INTRODUCTION 

After Stanton first identified the presence of alkali silica reaction (ASR) [1], it has been globally 
recognized as one of the main deterioration mechanisms in concrete structures, such as dams, bridges, 
tunnels, pavements, etc. [2-4]. 
Although the diagnosis of ASR is relatively straightforward using standard methods, such as 
petrographic examination per ASTM C856 [3,5], understanding and predicting the progression of 
damage from ASR remains nascent. As such, developing reliable tools and methods that afford an 
opportunity to quantitatively measure and then predict how the progression of ASR damages concrete 
remains a prime challenge to managing structures affected by this mechanism. In addition, relatively 
little is known about how the progression of damage related to ASR affects important properties related 
to durability, namely transport properties. For example, cracking due to ASR presents an obvious 
concern for reinforced concrete structures exposed to chlorides in environments ranging from marine 
structures to roads and bridges in areas where deicing salts are used. 
There are few tools available to monitor how the progression of ASR affects structural properties [6,7], 
while the transport properties are short of understanding as aforementioned. In particular, it can be 
difficult to assess the status of transport properties in areas of structures that may be less severely 
affected than those where map cracking is readily observed in the field. The study by Trejo et al. [8] 
showed that ASR gel can fill the interfacial transition zone and cracks, which reduces chloride transport 
in concrete. More work is needed to account for the effect of ASR-induced damage on the ionic and 
moisture transport in concrete. 
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Although standard field and laboratory techniques, such as crack mapping, strain gauging and 
petrographic examination [9,10], are in widespread use and effective for documenting the presence of 
ASR, their utility is limited in terms of understanding the potential for continued expansion [7] and its 
downstream effects on resistance to chloride penetration and other phenomenon related to durability. 
Residual expansion testing and measuring available alkalis are useful in determining if there is the 
potential for continued reaction and expansion, but they do not provide information on how the progress 
of the reaction may affect the transport properties of concrete. 
Researchers and engineers have been exploring the feasibility of non-destructive testing on detecting 
damage in concrete affected by ASR. Rivard and Saint-Pierre [7] evaluated the ultrasonic wave 
velocities, dynamic Young modulus and electrical resistivity of ASR damaged concrete and indicated 
that the P-wave velocities and static Young modulus correlate best with damage due to ASR. Sargolzahi 
et al. [11] further showed that ultrasonic pulse velocity (UPV) correlates well with the expansion of ASR 
affected concrete and the petrographic features by the damage rating index (DRI). Flores et al. [3] 
pointed out that damage from ASR can significantly decrease the electrical resistivity of concrete. 
Electrical resistivity of concrete has been widely used through the formation factor to study transport 
properties relevant to durability issues, such as corrosion of reinforced concrete and freeze-thaw 
damage of concrete in cold regions. As an indicator of the porosity and connectivity of the pore network, 
the formation factor provides a means to extract transport properties, such as chloride diffusion 
coefficient and water sorptivity, from electrical resistivity measurements [12-15]. Qiao et al. [14] used 
the formation factor, in conjunction with chloride binding studies, to calculate the chloride diffusion 
coefficient in concrete that is essential for predicting the service life of concrete pavements. Khanzadeh 
et al. [12] correlated the formation factor to water absorption, which enables the prediction of sorptivity-
based service life modelling for freeze-thaw conditions. The above shows the potential of using electrical 
resistivity and formation factor to capture the change in pore network due to ASR damage in concrete. 
This paper examines the feasibility of using electrical resistivity to monitor the progression of damage 
due to ASR. This is an early step to using electrical resistivity and formation factor to measure transport 
properties that may be affected by the progression of ASR. This study stems from a forensic investigation 
of a still in-service concrete structure that is ~ 55 years old. Multiple cores were extracted and then 
exposed to residual expansion testing for 6 months. After the residual expansion the cores were 
subjected to petrographic analysis (specifically the damage rating index) and bulk electrical resistivity 
measurements. The residual expansion, DRI scores and bulk electrical resistivity of the concrete 
specimens are correlated to each other in this study. 

2. MATERIALS AND EXPERIMENTAL PROCEDURES 

2.1 Materials 

Eight 95 mm diameter cores were extracted from the walls of an indoor pool in the western USA that 
has been in service for ~ 55 years. The cores represent the entire thickness of the wall and consist of 
three components (Figure 2.1): (a) tile (~ 5 mm thick); (b) shotcrete (~ 35 mm thick) and (c) concrete (~ 
305 mm thick). While the original concrete mix design was not available, petrographic studies indicate 
the following regarding the concrete: the binder consists of hydrated ordinary portland cement without 
supplementary cementitious materials (SCMs). Given the age of the structure and the history of cement 
production in this region, it is likely that a low alkali cement was not used. The original water-cement 
ratio (w/c) was not estimated because the cores showed evidence of significant fluid penetration 
manifested by copious deposits of ettringite and ASR gel. The concrete is air-entrained and contains 
4% to 7% total air. The aggregate is a natural gravel with a 25 mm nominal top size. The aggregate is 
siliceous in composition and consists primarily of granitic rocks and quartzite with a minor amount of 
rhyolite. Petrographic studies conducted prior to the residual expansion testing indicated that the 
concrete is subject to ongoing ASR (Figure 2.2(b)-(c)), which is rated at Stage IV-Stage V using the 
scheme described by Katayama et al [16]. 
Both ends of the cores were trimmed to obtain cylindrical specimens with a length of ~ 250 mm for 
residual expansion testing, petrographic examination (mainly damage rating index) and electrical 
resistivity measurements. 
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Figure 2.1: Illustration of the core sample used for residual expansion, petrographic and electrical 

resistivity (bucket test) studies. 

2.2 Experimental Procedures 

2.2.1 Residual expansion 

The residual expansion due to ASR was measured according to a modified procedure of ASTM C1293-
18a. The first modification involved the use of cores from an actual structure rather than laboratory-cast 
concrete prisms made with predetermined aggregate gradations and w/c. The ends of the cores were 
trimmed with a saw and steel pins were embedded in the ends for length change measurements. The 
second modification involved placing one set of specimens in sealed reaction vessels kept at 38±2°C 
per ASTM C1293 while the second set was placed in sealed reaction vessels kept at 60±2°C. The 
temperature of 60±2°C was chosen according to RILEM recommended test method AAR-4.1. 
The initial length of the specimens was measured at 23±2°C and designated as l0 (mm). The length was 
measured at 7 days, 14 days, 21 days, 28 days, 56 days, 90 days and 180 days, respectively. Each 
measurement was done per the standard in a controlled environmental chamber at 23±2°C after the 
specimens were allowed to equilibrate thermally for 16±4 hrs before taking the length readings, lt (mm). 
The relative expansion of the concrete,  (%), is calculated using the equation below: 

ε =
𝑙𝑡 − 𝑙0
𝑙0

× 100% (1) 

2.2.2 Damage rating index (DRI) 

One specimen from each set of cores was removed from the residual expansion testing after six months. 
The cores were then cut into two sections, as illustrated in Figure 2.1. One section measuring 120 – 130 
mm long was used for petrographic examination. The other section, which measured ~ 100 mm long, 
was used for the bulk resistivity studies described below. A core extracted from the same wall of the 
pool as those subjected to the residual expansion was also examined as a control specimen. 
The DRI analysis was done following the general procedures described by Sanchez et al.[9,10] using 
features and weighing factors described by Sanchez et al.[9]. The core was sectioned lengthwise to 
provide a slab, a cross-sectional slice of the core. One side of the slab was lapped and polished to a 
3,000 grit (~ 4 µm) using progressively finer wheels with embedded industrial diamonds. The polished 
slab was divided into a 1 cm × 1 cm grid and examined at 15x magnification using a stereomicroscope, 
as illustrate in Figure 2.2. The number of counts corresponding to different petrographic features was 
tabulated and the counts were multiplied by weighing factors listed in Table 2.1. The DRI work was done 
by the same operator for the three specimens. The score associated with the sum of these factors was 
normalized to an area of 100 cm2. 
Thin sections were also prepared for observations of ASR damage in the above three samples using a 
PELCON automatic machine. 
 
 

Shotcrete Concrete 

Bucket Test DRI Measurement 
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Table 2.1: DRI weighing factors of petrographic features due to ASR (adopted from Refence [9]) 

Petrographic features Weighing factor 
Crack in aggregate particles (CCA) 0.25 

Opened crack in aggregate particles (OCA) 2 
Crack with ASR gel in aggregate particles (OCAG) 2 

Coarse aggregate debonded (CAD) 3 
Crack in cement paste (CCP) 3 

Crack with ASR gel in cement paste (CCPG) 3 
Disaggregate/corroded aggregate particles (DAP) 2 

 
Figure 2.2: (a) Photograph of the polished surface of the control specimen with drawn grid. (b) 

Photomicrograph of the polished surface showing one DRI in one cell in (a). (c) Photomicrograph 
showing the detail of ASR gel (green arrows) lining the cracks in one aggregate particle in (b). 

2.2.3 Electrical resistivity 

Specimens measuring ~ 100 mm long and ~ 95 mm in diameter were submerged in a 18.9 L bucket 
containing 10 L of a simulated pore solution. The solution is used to minimize alkali leaching [17]. The 
composition of the simulated pore solution is 0.3 mol/L NaOH and 0.2 mol/L KOH. 20 g Ca(OH)2 was 
also added into the solution to prevent calcium leaching. The samples were positioned to ensure all 
surfaces in contact with the liquid. A volume ratio of the sample to storage solution of 1:8 was used, 
which is large enough to nullify the influence of concrete samples on the composition of the simulated 
pore solution [18]. The mass change and electrical resistance were periodically measured over 7 days 
of submersion at 20±1°C.The electrical resistance was measured using a 38 mm spacing Resipod 
surface resistivity meter with a bulk resistivity module (Proceq USA, Inc.). 
The bulk resistivity of the specimen was calculated using the equation below: 

ρ𝐵 =
ρ𝑆
2𝜋𝑎

∗
𝜋𝑟2

𝑙
=

𝑟2

2𝑎𝑙
ρ𝑆 (2) 

(b) (c) 

(a) 
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where, B and S are the bulk resistivity (m) and surface resistivity (m), respectively; r, l and a are 
the diameter (m) and length (m) of the specimen, and the spacing between the electrodes (m), 
respectively. S is the direct reading from the device. 

3. RESULT AND DISCUSSIONS 

3.1 Residual expansion 

The specimens show expansion over 6-month exposure, with a relative length change or expansion of 
0.041% (+0.002%/-0.003%) at 38±2ºC and 0.053% (±0.001%) at 60±2°C (Figure 3.1), respectively. 
These expansions exceed the expansion threshold of 0.04% from ASTM C1293-18a that classifies 
aggregates as deleteriously reactive. 
Two stages of expansion were observed over the 6-month exposure period. There is an initial stage of 
rapid expansion over the first 28 days when more than 90% of the total expansion occurs, followed by 
a second stage of significantly slower expansion between 28 days and six months. This suggests that 
the penetration of external moisture was sufficient to trigger reaction throughout the cores in the first 
28 days, which is consistent with petrographic observations described below. The greater expansion at 
60±2°C is associated with increased reactivity of reactive silica in aggregate with the alkaline pore 
solution at higher temperatures [19]. 
 

 
Figure 3.1: Averaged expansion data for specimens exposed to 38±2°C and 60±2°C for 6 months 

3.2 Damage rating index 

The DRI scores are 89 for the control sample, 289 for the 38±2ºC sample and 318 for the 60±2ºC sample. 
Figure 3.2 shows the hot maps of the DRI scores in the samples. It indicates that damage increased 
significantly after the 6-month exposure at elevated temperatures, which is inconsistent with the residual 
expansion data. Figure 3.2 also indicates the distribution of damage is irregular. While it varies from 
area to area, damage was observed throughout both of the residual expansion samples. This is 
consistent with the assumption that the residual expansion test conditions were sufficient to drive ASR 
throughout the core samples. High DRI scores tend to coincide with areas that contain or are adjacent 
to reactive aggregate particles. 
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Figure 3.2: The DRI score hot maps of the polished surface of three samples. (a) Control (DRI score = 

89); (b) 38±2 °C exposure (DRI score = 289); (c) 60±2 °C exposure (DRI score = 318). 

Figure 3.3 shows the DRI scores in different specimens. After elevated temperature exposure for 6 
months, more closed cracks in coarse aggregate (CCA) are present because the alkali hydroxide in pore 
solution entered the originally present cracks in aggregate to react with active silica components to form 
more cracks with the aggregate particles. As the ASR proceeds, cracks develop and evolve to form 
more open cracks (OCA+OCAG). Moreover, the open cracks extend into the paste to form more cracks 
in the paste (CCP+CCPG). In the specimen after 6-month exposure at 60±2°C, more aggregate 
debonding (CAD) was observed, which may be due to greater expansion in the specimen. 
 

 
Figure 3.3: Comparison of DRI scores among the samples. 
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Figure 3.3: (a)-(b) show deposits of ASR gel in microcracks in the control sample and the sample after 
exposed to 60±2 °C for 6 months. Compared to that in the control sample (in Figure 3.4(c)), the 
morphology of the freshly formed ASR gel shows fine grains of relatively crystalline particles (in Figure 
3.4d). The photomicrographs under fluorescent light (Figure 3.4(e)-(f)) show that the ASR gel in the 
control sample is relatively dense, while the ASR gel is more porous in the sample after the elevated 
temperature. This more porous microstructure be due to the that the freshly formed ASR gel exposure 
tends to absorb water under the high RH during the elevated temperature exposure. 
Figure 3.5 shows a good linear relationship between the DRI score and expansion of the concrete 
specimen. This indicates the feasibility of using DRI to characterize the damage and expansion due to 
ASR. This is in accordance with the observations by Sanchez et al. [9,10]. 
 

 
Figure 3.4: Transmitted light photomicrographs of the thin section of the control sample showing ASR 

gel in a microcrack (red arrows) under (a) plain-polarized light, (c) cross-polarized light and (e) 
fluorescent light. Transmitted light photomicrographs of the thin section of the sample post-exposure to 
60±2 °C showing ASR gel in a microcrack (red/green arrows) under (a) plain-polarized light, (c) cross-

polarized light and (e) fluorescent light. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 3.5: The relationship between the relative expansion and DRI scores. 

3.3 Bulk electrical resistivity 

Figure 3.6(a) shows the change in mass and bulk electrical resistivity over time during the bucket test. 
As the submersion time increases, more water is absorbed which drives the mass gain. Since more fluid 
is present to conduct electricity in the pore network of the concrete specimens, the electrical resistivity 
drops over time until it reaches a steady state value. 
As shown in Figure 3.6(a), the water absorption into the concrete specimen follows two linear stages as 
functions of square root of time. This is similar to the observations in previous studies [13,15]. Since all 
the matrix pores (capillary pore and gel pores) tend to rapidly fill with fluid due to capillary suction, the 
mass gain is rapid in the first couple of days (Figure 3.6(a)). After all the matrix pores are filled, the air 
voids in the concrete begin to fill due to moisture diffusion, which is a slower process that takes months 
to years [15,20]. 
Qiao et al. [15] showed that concrete specimens (w/c=0.40 – 0.50) with a similar dimension have all the 
matrix pores filled in the first 5 days during bucket tests, while leaving the majority of the air voids empty. 
The degree of saturation, at which all the matrix pores are filled and all the air voids are empty, is named 
the Nick point. Since the mixture proportion remains unknown in this study, 7 days is assumed to be 
enough for the specimens to reach Nick point and the bulk electrical resistivity at 7 days is considered 
to be the value at Nick point. 
At a given degree of saturation, the electrical resistivity of the concrete is determined by the pore network 
(porosity and connectivity) and the electrical resistivity of the pore solution [15]. Since the same 
simulated pore solution was used in the bucket test, the difference in the electrical resistivity of the 
specimens at Nick point (at 7 days) will mainly reflect the change in matrix pore network, both in porosity 
and connectivity. 
Figure 3.6(b) compares the electrical resistivity in the specimens with and without exposure at elevated 
temperatures for 6 months. The residual expansion samples show a lower bulk electrical resistivity than 
the control. This is consistent with the cracks as observed in the DRI analysis increasing the porosity 
and connectivity of the matrix pore network. More open cracks were observed in the specimen exposed 
to 60±2°C (in Figure 3.5), which has a lower electrical resistivity than the 38 ±2ºC sample. 

y = 4,376.13x + 90.21
R² = 1.00

0

100

200

300

400

0 0.01 0.02 0.03 0.04 0.05 0.06

D
R

I 
S

co
re

Relatively exapnsion (%)

1226 First Book of Proceedings of the 16th ICAAR | Published online in May 2022



Feasibility of using the electrical resistivity to measure damage from Alkali-Silica Reaction 
Chunyu Qiao; Gaines Green; Boris Stein; David Rothstein 

  
Figure 3.6: (a) The change in mass and electrical resistivity of the control sample as functions of time 

during bucket test. (b) The comparison of bulk electrical resistivity of three samples after 7 days. 

3.4 Relationship between electrical resistivity and ASR damage 

The measurements of residual expansion, DRI score and bulk electrical resisivity are all associated with 
cracking and damage due to ASR. Figure 3.7 correlates the electrical resistivity to the residual expansion 
and the DRI scores. Figure 3.7 indicates that the bulk electrical resistivity shows linear relationships with 
the DRI scores and the residual expansion. This data suggests that bulk resistivity is a useful tool to 
measure the progression of damage in ASR affected concrete. 
Measurement of bulk electrical resisivity shows several promising features for measuring damage. 
Compared to DRI, the electrical resisivity measurement is less time-consuming and more objective, as 
it eliminates operator bias. Bulk resistivity may also be more sensitive to monitoring how microcracks, 
which may well be overlooked at the relatively low magnification used in DRI analyses, cause damage. 
More information regarding how the progresson of damage affects durability can be extracted from bulk 
electrical resistivity. The formation factor could be calcuated from bulk electrical resisivity by knowing 
the electrical resistivity of the pore solution. Furthermore, the formation factor can be used to predict the 
chloride and mositure transport in concrete [12,14], which are critical to corrosion and freeze-thaw 
damage, respectively. As such, there is promise in using  bulk electrical resistivity as a tool to study the 
effects of ASR on service life associated with chloride-induced corrosion and freeze-thaw damage in 
cold regions. However, more work is neccessary to clarify the effect of ASR on the pore solution 
chemistry as the reaction proceeds because the accuracy of the formation factor calculation strongly 
relies on the electrical resistivity of the actual pore solution. 
 

  

Figure 3.7: (a) The relationship between the bulk electrical resistivity and the expansion rate of the 
samples. (b) The relationship between the electrical resistivity and the DRI scores of the samples. 
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4. CONCLUSIONS 

This paper reports the residual expansion, DRI scores and bulk electrical resistivity of cores extracted 
from a 55-year old concrete structure after exposure to elevated T/RH conditions (38±2°C and 
60±2°C/100% RH) for 6 months. DRI and bulk electrical resistivity measurements were also measured 
in a core from the same structure that was not subjected to residual expansion testing. 
The residual expansion of the specimens after a 6-month exposure time exceed the 365-day length 
expansion threshold of 0.04% from ASTM C1293-18a that is used to classify aggregates as deleteriously 
reactive. A greater expansion was observed in the specimen exposed to higher temperature. Similarly, 
the DRI score increased in specimens after the elevated temperature exposure and a higher DRI score 
was obtained in the specimen exposed to higher temperature. There is a good linear relationship 
between the DRI scores and expansion. 
Compared to the control, the residual expansion specimens show lower bulk electrical resistivity at the 
Nick point. This data correlates with open cracks in aggregate particles and the cement paste increasing 
the connectivity of the matrix pore network. The bulk electrical resistivity shows good linear relationships 
with both DRI scores and expansion of the specimens within this paper. This indicates the feasibility of 
using bulk electrical resistivity to characterize the damage progress due to ASR and potentially to predict 
the service life in the ASR-affected concrete structure. 
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