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Abstract 

This paper reports on the diagnosis and rehabilitation strategy used to repair 11.2 kilometres of a dual 
carriageway concrete pavement forming part of a South African National Road (N2), near Somerset 
West in the Western Cape Province. Construction of the section of interest in this study took place 
between 1971 and 1972. The original design comprised of a 25 km span jointed unreinforced concrete 
pavement on a stabilised base. The pavement exhibited signs of serious ASR deterioration in 1986. 
Subsequently, the entire dual carriageway surface was sealed with a 14 mm stress-absorbing 
membrane interlayer (SAMI) in a bid to preserve the integrity of the pavement. A 40 mm Bitumen Rubber 
Asphalt Semi Open Graded (BRASO) mix was also overlaid on the concrete surface. However, by 2017, 
the road section exhibited transverse cracks through the asphalt overlay across all lanes, mimicking the 
underlying jointed concrete slabs. Cores were extracted from the dual carriageway trial section to 
evaluate the performance of the existing BRASO overlay and to assess the degree of ASR degradation.  

The initial visual and optical examination of the concrete cores both highlighted the presence of cracked 
coarse aggregates in the mid-region of the concrete cores. The prognosis of deterioration of the concrete 
owning to ASR was confirmed using Tescan Integrated Mineral Analyse (TIMA) analysis, whereby the 
ASR gel was clearly identified and characterised in the aggregate crack veins. The Na2Oeq concentration 
was determined at depths of 25mm, 75mm, 125mm and 175 mm from the reference surface 
respectively. Residual expansion tests conducted were terminated hence the authors were unable to 
draw a conclusion on likely future expansion of the concrete. The rehabilitation strategy that was 
implemented to restore the integrity and riding quality of the composite pavement structure are also 
mentioned in this paper. 
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1. INTRODUCTION 

Concrete is widely used in the construction of transport infrastructure (e.g. highways, airports runways, 
and bridge decks which is a key prerequisite for socio-economic development of any country [1], [2]. It 
is used in the construction of rigid pavements, is considerably more durable than other options such as 
bitumen and is less prone to deterioration such as rutting, cracking, stripping, loss of texture and 
development of potholes. Compared to flexible bituminous pavements, concrete pavements generally 
require little or no maintenance during their design life [3]. 
However, in recent years rapidly increasing heavy traffic coupled with chemical deterioration (in 
particular alkali aggregate reaction (AAR) has accelerated the deterioration of concrete pavements 
leading to the need for more frequent maintenance and repair actions than in the past. From a repair 
perspective, most studies [4]–[6] have focused on the performance of repair and rehabilitation 
alternatives, especially the application of overlays. Not much emphasis has been placed on 
comprehensive diagnosis of the mechanism and extent of deterioration of the concrete pavement in 
order to provide a better understanding of the material’s performance. This knowledge will allow asset 
managers to understand the potential future performance of concrete pavements and thus make 
informed decisions with respect to scheduling maintenance and repair actions. 

1.1 Background 

Two forms of AAR are common in concrete viz alkali-carbonate reaction (ACR) and alkali-silica reaction 
(ASR). In ACR, the reaction is between the alkali’s (sodium and potassium) and certain carbonate rocks, 
particularly calcite dolomite and dolomitic limestone present in some aggregates. In ASR which is the 
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most common form of AAR, the reaction occurs between alkalis and certain amorphous, disordered or 
poorly crystalized silica present in some aggregates such as opaline cherts and strained quartz [7]. It 
will only progress if all of the following three conditions are met viz sufficient quantity of reactive silica 
[8], sufficient concentration of alkalis in pore solution [9] and high moisture content (greater than 80% 
internal relative humidity) [10]. If all these conditions are met, a hygroscopic alkali-silica gel is formed 
which in the presence of moisture, expands and can exert swelling pressures that are sufficient to induce 
expansion and propagate cracking [11]. 
In South Africa, the first case of AAR was reported in the 1970’s in the Cape Peninsula in the Western 
Cape province [12] but it can now potentially occur in other provinces including South Western Cape, 
Eastern Cape, Gauteng, Free-state, Kwa-Zulu Natal and Mpumalanga [13]. 

1.2 Plain Jointed Concrete Pavement (JCP) 

In 1970, a 25 km span of dual carriageway was constructed as a plain Jointed Concrete Pavement 
(JCP), marking the first time concrete was used in the construction and development of road 
infrastructure in South Africa. The dual carriageway was part of the N2 National highway, between Cape 
Town and Somerset West in the Western Cape Province. At the time of construction, knowledge of the 
adverse effects of AAR in concrete was limited. In this case, the risk of AAR was as a result of the use 
of high alkali cement and a locally available greywacke stone as aggregate. Details of the actual 
concrete mix ingredients and proportions are not available in the published or non-published literature. 
Five years after construction (i.e. in 1975), the pavement showed extensive surface cracking effectively 
reducing the stiffness of the pavement slab. An increase in surface crack widths was observed close to 
the joints where surface stresses are critical under traffic loading. The joints and cracking provided 
pathways for moisture ingress, which consequently increased the risk of abrasion, pumping (movement 
of underlying material through cracks in the pavement as a result of water pressure) and a loss of fines 
from the concrete. By 1980, minor structural failures developed in the vicinity of the transverse joints 
[14]. 

1.2.1 Initial Rehabilitation of plain Jointed Concrete Pavement 

Investigations by the South African Department of Transportation [4] led to the adoption of a 
rehabilitation method in 1986 to repair of the structurally failed area in order to make provision for 
additional drainage pathways. The repair involved (i) the placement of a waterproof stress-absorbing 
chip-seal membrane interlayer (SAMI), and (ii) overlaying of a 40 mm Bitumen Rubber Asphalt Semi-
Open (BRASO) graded mix over the chip-seal membrane [15].  
However, in 2017, transverse reflective cracks propagated through the aged BRASO overlay at regular 
4-meter intervals, across all the four lanes of the dual carriageway (as seen in Figure 1.1a and 1.1b). 
Additional cracking was seen to branch off the original reflective cracks and at numerous transverse 
joints (Figure 1.1a). Subsequently this resulted in asphalt being shoved in the wheel track. Reflective 
cracking was also noted around previously patched areas and at old joints (Figure 1.1b). Secondary 
effects of the cracking included a reduction in riding quality of the composite pavement structure [14]. 
 

 
Figure 1.1: a - Transverse reflective cracks propagated through the aged BRASO overlay at regular 4-

meter intervals. b - Reflective cracking around previously patched areas and at old joints 

Figure 1.1a Figure 1.1b
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Subsequent Rehabilitation of the plain Jointed Concrete Pavement 
A consulting engineering firm (Royal Haskoning DHV) was appointed in 2017 to advise on the repair of 
a section of the pavement (11.2 km span), and recommended a rehabilitation approach which involved: 
(i) milling and removing the 40 mm existing BRASO overlay and 14 mm Stress Absorbing Membrane 

Interlayer (SAMI); 
(ii) thoroughly cleaning the exposed plain-jointed concrete surface to remove all loose material. 

Approximately 5-8 mm of the exposed JCP surface was finely milled and removed, and thoroughly 
cleaned again to remove all loose material before it was inspected to ascertain its integrity. In the 
instance where its integrity was compromised, the defective joints were repaired by partial depth 
repairs (concrete patching). 

(iii) application of a bituminous tack coat on the concrete surface to promote bonding between the 
existing concrete and the overlay; 

construction of a 50 mm Bitumen Rubber overlay proceeded by a 20 mm Ultra-Thin Friction Course 
(UTFC). 

1.2.2 Characterization and evaluation of the degree of ASR degradation in the concrete 
pavement 

In order to extent the service life of the concrete pavement, the focus (with respect to rehabilitation 
approach adopted) has been placed on employing different overlays. Little or no investigations have 
been undertaken to assess the condition of the existing concrete pavement. This vital information can 
be used to make informed decisions, with regard to the current state of the concrete and likely future 
behaviour of the material with respect to future ASR deterioration. 
 
Prior to the second pavement rehabilitation, an initial investigation was conducted on cores extracted 
from the Dual Carriageway trial section to evaluate the performance of the existing BRASO overlay. 
Furthermore, the concrete pavement components of the cores were tested to characterise and evaluate 
the extent of ASR degradation. The remainder of the paper presents the relevant tests that were carried 
out on the concrete cores, as well as the findings. 

2. EXPERIMENTAL METHODOLOGY 

Six 150 mm diameter and five 100 mm diameter cores were extracted from the dual carriageway trial 
section (see Figure 2.1). It must be noted that this trial section was, and is still not subjected to traffic 
loading but was constructed using same concrete as that of the in-service highway which is adjacent to 
the trial section. 

 
Figure 2.1: Google Earth image illustrating the 11.2 km span of the N2 route that was repaired and 

rehabilitated 

Trial section

11.2 km span of dual carriageway 
constructed as a plain jointed 

concrete pavement which was 
repaired and rehabilitated
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The existing BRASO overlays on top of the concrete pavement (see Figure 2.2) were sawn off and 
tested. The scope of testing of the BRASO overlays and the results thereof are not within the scope of 
this paper. 
 

 
Figure 2.2: Image of cores extracted from N2 Pavement comprising of 40mm Bitumen Rubber Asphalt 

Semi Open Graded (mix) overlay constructed on original the plain jointed concrete pavement 

The remaining cores were sealed using plastic cling-wraps and stored in an environmental room at a 
temperature and relative humidity of, respectively, 23 °C and 50-60% prior to testing to diagnosis the 
nature and extent of ASR deterioration. Tests carried out included visual, petrographic, Tescan 
Integrated Mineral Analyser (TIMA), residual free alkali metal and residual expansion tests. The 
assessment criteria are summarized below: 

 Macroscopic inspection: this was performed on the “as received” cores to for aspects such as 
size and distribution of aggregates, crack patterns and presence of ASR-gel, if any. The mass 
of each core was also measured. 

 Petrographic examination: petrographic examination of thin concrete sections (27 x 46 x 0.03 
mm) made from the cores was conducted in order to identify diagnostic features of ASR damage 
such as ASR gel and cracks radiating from reactive particles to the surrounding cement paste. 
This was done to corroborate the initial on-site ASR diagnosis of the concrete pavement. 
Petrographic images were taken using a digital Olympus DP74 camera attached to a light 
microscope. 

 Tescan Integrated Mineral Analyzer (TIMA) analyses were conducted on the same thin concrete 
sections used in the petrographic analyses. The objective was to identify and characterise ASR 
gel presence in the concrete. TIMA technique uses a scanning electron microscope (SEM) with 
highly integrated Energy Dispersive X-Ray Analysis (EDX) system in its analyses. 

 Concentration of residual free alkali metals: the concentration of residual free alkali metals 
present in the concrete pore solution is a key parameter in predicting the potential risk of ASR. 
The elemental profiles of the residual alkali metals in the concrete cores (aggregates and 
cement paste) were determined in accordance with the procedure outlined in the Cold Water 
Extraction method (CWE) [16]. Coarse aggregates were separated from the cement paste using 
the method proposed by Albayati and Johansson [17]. The cores were sawn into 50 mm 
increment discs (with the BRASO-concrete interface used as the zero depth reference point) as 
shown in Figure 2.3. The discs were then placed in a furnace at 600 °C for 7 hours and allowed 
to cool to room temperature. Coarse aggregates were thereafter dislodged from the cement 
paste using a hammer. The paste and aggregates were then milled to fine powder (< 80 µm) 
following the CWE method, and then sieved and stored in a desiccator with soda lime. The 
procedure outlined in the CWE method (with respect to leaching, filtration, dilution and 
acidification) was followed in order to obtain test solutions for the elemental concentrations of 
Na+, K+ and Ca2+. A Spectroquant Pharo 300 machine was used to analyse the solutions for 
residual free alkali metals elemental concentrations. 

40 mm Bitumen 
Rubber Asphalt 
Semi Open Graded 
(BRASO) overlay

Plain Jointed Concrete 
Pavement (JCP)
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 Residual ASR expansion: Residual expansion, which is a critical parameter in determining the 
severity of ASR deterioration with respect to monitoring ongoing and future expansion, was 
determined using the Quebec method [18]. The cores were placed standing in sealed plastic 
containers with > 95% RH which were then stored in a camber maintained at 38 °C. Expansion 
measurements were taken using a Demec gauge (gauge length = 100 mm) and by placing steel 
studs on three axis lines spaced at 120° apart longitudinally along on the cores. Specimen mass 
and temperature measurements in the chamber were also recorded. 

 

 
Figure 2.3: Schematic illustrating 50mm increments where cores were sawn, in preparation for the 

Cold Water Extraction method used to determine the free alkali metal content at various depths along 
the concrete core 

3. RESULTS 

3.1 Visual assessment of cores 

An initial visual assessment of the concrete cores revealed that cracks were primarily present in the 
coarse aggregates. The cracks were typically orientated parallel to the BRASO overlay surface, with the 
maximum crack wide recorded being approximately 1.0 mm. A peculiar feature noted was that only the 
coarse aggregates primarily located in the mid-region of the concrete exhibited cracks as seen in Figure 
3.1. No ASR gel was observed around the boundaries of the coarse aggregates. 
 

 
Figure 3.1: Images of the upper, mid and lower region of a concrete core illustrating the presence of 

cracks in coarse aggregates. 
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3.2 Petrographic analysis 

Thin sections were produced from the upper, mid and lower region of the concrete cores. Figure 3.2 
confirms the presence of cracking primarily present in the coarse aggregates which was more 
pronounced in the mid-region as noted in the initial visual assessment of the cores. 

 
Figure 3.2: Images of thin section taken from the upper, mid and lower region of the concrete core, 

under crossed polarised light (scale bar = 2 mm (as shown at the bottom right of each image)) 

3.3 Tescan Integrated Mineral Analyser (TIMA) analysis 

TIMA analyses of the thin sections revealed the primary phases present in the concrete. Furthermore 
elemental maps showing the presence and location of Si, Na and K were also obtained (Figure 3.3). 
The red vein running through the central aggregate was characterised as ASR gel (Gel 1) based on the 
EDX analysis which showed the percentage by mass of the chemical composition of the gel phase with 
respect to sodium, silicate, oxygen and potassium. This confirmed that the cracks present in the coarse 
aggregate are mainly as a result of gel expansion associated with ASR. 
 

 
Figure 3.3: Primary phase and element map of a thin section using TIMA (View of field of each image 

is 21.0mm 

A primary phase map of a sub-section (field of view: 4.5 mm) of the image presented in Figure 3.3 is 
shown in Figure 3.4. Two other types of ASR gels (Gel 2 and Gel 3) were identified and characterised 
in the aggregate crack veins. The chemical composition of Gel 2 and Gel 3 differed from Gel 1 as they 
contained traces of iron and chloride respectively. 

Upper Region of the core Lower Region of the coreMid-Region of the core

TIMA - Primary phase map TIMA - Element map (Si) TIMA - Element map (Na) TIMA - Element map (K)
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Figure 3.4: Primary phase map of a sub-section of a thin section using TIMA (View of field is 4.5mm) 

3.4 Free Alkali Metal content  

Table 3.1 presents the results of the free alkali metals content in the coarse aggregates using the CWE 
method. Figure 3.5 and Figure 3.6 show the residual free alkali metals (Na+, K+ and Ca2+) profiles 
obtained for the cement paste using the CWE method. The data points cover the full length of the two 
cores tested (A and B) and were not been corrected to take into account the alkali contribution of the 
aggregates. Each data point represents the respective free alkali metal average value calculated from 
specimens A & B at a given depth, whilst the bar represents the maximum and minimum value that was 
obtained from specimens A & B, at a given depth. 
 

Table 3.1: Free alkali metals content in the coarse aggregates 

Element Quantity (mmol/kg) 

K+ 6.7 

Na+ 11.5 

Ca2+ 58.0 

 
As seen in Figure 9 the K+ metal profile decreased at both the upper and lower depths (25mm and 
175mm from the reference surface) of the core, in contrast to the Na+ metal profile which decreased at 
the central depths (75mm and 125mm) of the core. These results do not support the work conducted by 
Plusquellec [19] that illustrate that typically both the Na+ and K+ metals profile follow the same trend i.e. 
both the Na+ and K+ concentration either stay constant or decrease at similar depths of the concrete. 
The decreasing trend is due to the consumption of both alkalis in the chemical reaction with the reactive 
silica, resulting in ASR gel. 
 
 

TIMA - Primary phases 
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Figure 3.5: Variation of Na+, K+ profiles (mmol/kg) as a function of distance from reference surface 

 

 
Figure 3.6: Variation of Ca2+ profile (mmol/kg) as a function of distance from reference surface 

The Ca2+ metal profile decreased as the distance from the BRASO-concrete interface increased. The 
highest values of calcium content recorded was 59 mmol/kg. These high values can be attributed to the 
use of water when carrying out the cold water extraction method thus partially dissolving several of the 
hydrates. Gilles et al,. [19] recommend the use of used methanol instead of water for the cold water 
extraction to determinate the Ca content. 
 
The Na+ and K+ metal contents (mmol/kg) were converted to Na2Oeq,conc (kg/m3) using Equation 1: 

𝑁𝑎2𝑂𝑒𝑞,𝑐𝑜𝑛𝑐 =  
𝑀(𝑁𝑎2𝑂)

2
∙ (𝑁𝑎𝑐𝑜𝑛𝑐 + 𝐾𝑐𝑜𝑛𝑐) ∙ 𝜌𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒     Equation 1 

where Na2Oeq,conc is the alkali metal content obtained from the CWE method in kg/m3,  M(Na2O) is the 
molar mass of Na2O (0.06198 kg/mol), Naconc and Kconc are the Na+ and K+ contents of the sample 
expressed in mol/kg, and ρconcrete is the concrete density in kg/m3 (assumed to be 2400 kg/m3). The 
Na2Oeq,conc  profile is presented in Figure 3.7. 
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Figure 3.7:Na2Oeq (kg/m3) profile across the full length of the cores A and B. The results have not been 

corrected for the contribution of alkali’s from the aggregates. 

It can be seen that at both the outer regions (top and bottom) at depths of 25 and 175 mm, the Na2Oeq,conc 

is 0.56 kg/m3 which is higher than in  the mid-sections (75 and 125 mm) which have 0.45 and 0.50 
Na2Oeq,conc  kg/m3 respectively. The decrease in availability of alkalis in the mid-sections can be 
attributed to the consumption of Na and K in the pore solution which facilitates the development of ASR 
gel. This result is supported by the presence of ASR gel located in the cracked coarse aggregate in the 
mid-section of the core. 
With regard to likely future ASR deterioration (assuming the presence of sufficient moisture and reactive 
silica in the concrete), the outer regions of the concrete exhibit a higher risk of future deterioration, with 
respect to the availability of Na+ and K+ to facilitate ASR. 

3.5 Residual expansion 

Figure 3.8 illustrates the initial longitudinal expansion measurements on core specimens C and D. 
Previous studies have indicated that strains recorded over the initial 8-week pre-conditioning period can 
be attributed to various mechanisms including (i) thermal expansion due to increased temperature (38 
°C), (ii) moisture uptake resulting from the test chamber (> 95% RH) and drying of specimens prior to 
conducting the test, and (iii) stress release when specimens are tested too early after coring. 
An average longitudinal expansion of 384 and 405 microstrain were recorded on cores C and D 
respectively, over the 8 week period. Longitudinal expansion measurements were then corrected to 
exclude the pre-conditioning period to account for the factors noted previously. 
The subsequent rate of expansion dropped by 58% and 68% in cores C and D, when comparing the 
rate of expansion from the initial pre-conditioning period and the expansion exhibited post the initial 8 
week pre-conditioning period. The residual expansion tests were terminated due to the lock-down 
imposed by CO-VID 19, no further data was obtained. The authors were unable to draw a conclusion 
on likely future expansion of the concrete. 
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Figure 3.8: Longitudinal expansion measurements from expansion tests in air with >95 RH and 38°C 

 

 
Figure 3.9: Corrected longitudinal expansion measurements from expansion tests in air with >95 RH 

and 38°C (excluding initial 8 week pre-conditioning period) 

4. CONCLUSIONS 

Five types of assessments (visual, petrographic, Tescan Integrated Mineral Analyser (TIMA), residual 
alkali metal and residual expansion tests) were carried out in order to assess the condition and extent 
of ASR deterioration in the concrete cores extracted from the N2 dual carriageway trial section. 
The initial visual and optical examination of the concrete cores both highlighted the presence of cracked 
coarse aggregates in the mid-region of the concrete cores. No ASR gel was observed around the 
boundaries of the coarse aggregates. The prognosis of deterioration of the concrete owning to ASR was 
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confirmed using the TIMA analysis, whereby the ASR gel was clearly identified and characterised in the 
aggregate crack veins. 
The determination of the free alkali metals (Na+ and K+) presented in the cement paste, was used to 
obtain the residual Na2Oeq concentration profiles. The results showed that Na2Oeq concentration at both 
the upper and lower regions of the core were 0.56 kg/m3, in comparison to the mid-region were the 
Na2Oeq concentration was 0.45 and 0.50 kg/m3 (at depths of 75mm and 125m from the reference surface 
respectively). The decrease in Na2Oeq concentration could be attributed to the consumption of Na in the 
pore solution, facilitating the development of ASR gel and subsequent cracking of the coarse aggregates 
in the mid-region of the core. 
The residual expansion results presented were preliminary. The test was terminated due to the lock-
down imposed by CO-VID 19, no further data was obtained. The authors were unable to draw a 
conclusion on likely future expansion of the concrete. 
In conclusion, none of results from the assessments conducted have provided evidence to explain in 
particular the prominent cracking of coarse aggregates in mid-region of the concrete owing to ASR 
deterioration. This phenomenon requires further investigation to determine the underlying cause in order 
to prevent further deterioration of the concrete in the upper and lower regions of the concrete. 
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