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ABSTRACT 
A sustainable concrete structure is constructed to ensure that the total environmental impact 
during its life cycle, including its use, will be minimal. Designing for sustainability means 
accounting for the short-term and long-term environmental consequences in the design. 
Therefore, sustainability in concrete structures can be achieved by reducing environmental impact 
of the concrete and enhancing concrete durability which consequently extends the service life of 
the structure. This relation can be expressed as: 
 

                                  
                    

                    
 

 
Sustainability issues in concrete structures are raised up from poor performance of the structures 
exposed to severe environment such as marine environment coupled with high humidity and high 
temperature in tropical zones. Most concrete structures such as bridges, retaining walls, wharves, 
jetties, and berths in that environment have shown premature deterioration (actual service life << 
design service life). The cause of this phenomenon is penetration of aggressive substances such 
as moisture, carbon dioxide, chloride ion, and also sulphates and acids attacks which may 
influence on degradation of concrete matrix and/or steel reinforcement depending on type of 
diffusive substances.  

This paper presents the concept of crystalline technology and the performance of Crystalline 
Modified Concrete (CMC) exposed to different environmental conditions. Water permeability and 
chloride diffusion characteristics of CMC are investigated through laboratory investigations and 
case studies. These investigations confirm that crystal formation within concrete microstructure 
improves the lifetime performance of the structure significantly and provides a sustainable 
structure. 

KEYWORDS: Concrete Sustainability, Concrete Durability Criteria, Concrete Deterioration, 

Chloride Diffusion, Steel Corrosion in Concrete, Water Permeability, Mass Transfer, Crystalline 
Technology 
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ABSTRAK 
Struktur beton dapat digunakan untuk jangka waktu yang panjang (sustainable)  apabila struktur 
beton tersebut dibuat dengan meminimalisir  secara total dampak negatifnya terhadap lingkungan, 
selama umur layanan struktur beton tersebut. Oleh karenanya, didalam mendesain struktur harus 
turut diperhitungkan dampaknya terhadap lingkungan dalam jangka pendek maupun jangka 
panjang.  Umur layanan beton dapat diperpanjang dengan cara mengurangi dampak lingkungan 
yang ditimbulkan dan peningkatan durabilitas beton tersebut.  
Hubungan tersebut dapat dituangkan dalam persamaan berikut: 
 

                             
                    

                 
 

 

Masalah yang kerap dihadapi adalah kinerja struktur beton yang kurang baik terhadap lingkungan 
yang ekstrem seperti bangunan ditepi pantai, haal ini diperburuk dengan kelembaban dan suhu 
yang tinggi didaerah tropis. 

Kerusakan dini yang timbul pada sebagian besar struktur beton seperti jembatan, dinding 
penahan,tanah,  dermaga, dan Jetty  karena struktur tersebut berada di lingkungan buruk (umur 
layan yang sebenarnya << umur layan desain). Penyebab dari fenomena ini adalah penetrasi zat 
agresif seperti uap air, karbondioksida, ion klorida, serta asam sulfat ke dalam beton melalui pori 
yang terhubung dan retak halus. Difusi zat tersebut dapat mempengaruhi penurunan kinerja pada 
material beton dan/atau tulangan beton, tergantung pada jenis zat yang terdifusi. 

Makalah ini menerangkan konsep teknologi kristalisasi dan kinerja beton dengan modifikasi 
kristalisasi (Crystalline Modified Concrete / CMC) pada lingkungan yang berbeda. Karakteristik 
permeabilitas air dan difusi klorida pada CMC diselidiki melalui pemeriksaan laboratorium dan 
studi kasus. Hasil dari penyelidikan tersebut, membuktikan bahwa pembentukan kristal pada 
struktur mikro beton dapat meningkatkan kinerja strukur beton secara signifikan dan dapat 
menghasilkan struktur beton yang berumur panjang. 

KATA KUNCI: Concrete Sustainability, Concrete Durability Criteria, Concrete Deterioration, 
Chloride Diffusion, Steel Corrosion in Concrete, Water Permeability, Mass Transfer, Crystalline 
Technology 
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1 INTRODUCTION 

Premature deterioration of RC structures exposed to severe environment such as marine 
environment has become a worldwide problem due to high cost effect, environmental 
impact, and safety issues [Ann et al., 2009, Song & Kwon, 2009]. Penetration of 
aggressive agents such as carbon dioxide, chloride ion, and sulphates into concrete, 
through interconnected pores and cracks result in the degradation of the concrete 
materials. 

Degradation processes which cause reduction in the service life of RC structures may 
influence both concrete and steel reinforcement depending strongly on diffusion 
processes and type of diffusive substances into the concrete. Chloride-induced corrosion 
of steel reinforcement in concrete has received increasing attention in recent years 
because it has been the dominant factor in deterioration of RC structures [Costa & 
Appleton, 1999, Zornoza et al., 2009].  

Steel reinforcement in concrete is protected by a highly alkaline protective passive layer. 
The protective film can be destroyed if the concentration of chloride ions at the depth of 
the steel reaches to a critical level which is called chloride threshold level (CTL). 
Depassivation of the protective film causes steel corrosion which consequently reduces 
the service life of the RC structures. Therefore, preventing chloride penetration into 
concrete, by blocking the pores and sealing the micro-cracks, increases durability of the 
concrete and consequently extends the service life of RC structures [Ann & Song, 2007, 
Koeva et al., 2007, Maruya et al. 2007].  

2 CRYSTALLINE TECHNOLOGY 

Crystalline materials are chemical compounds. Active chemicals in crystalline materials 
react with the moisture and cement hydration products to cause a catalytic reaction. This 
chemical reaction generates a non-soluble crystalline structure which permanently blocks 
the pores and capillary tracts; and seals the micro-cracks of the concrete. Scanning 
electron microscope (SEM) images (Figure 1 to 3) confirm the pore blocking and crack 
sealing properties of the crystalline technology. 

  

Figure 1 Crystals growth in concrete pores 



  

Figure 2. Pore blocking by crystals formation 

  

Figure 3. Crack bridging (a) and crack healing (b) by crystalline formation 

3 EXPERIMENTAL PROGRAM 

The experimental program includes laboratories investigations. 

3.1 TEST METHODS AND STANDARDS 

The conducted tests and utilised standards are summarised as follows: 

 Slump: AS1012.3 

 Compressive strength: AS1012.9 

 Drying shrinkage: AS1012.13 

 Apparent Volume of Permeable Voids (AVPV): AS1012.21 

 Water permeability: ACCI Method 

 Rapid chloride ion test: ASTM1202/CSIRO Modified 

 Chloride ion diffusion coefficient: NordTest (NT Build 443) 

 Chloride content measurement: ASTM C1152-04. 

 Half-cell potential measurement: ASTM C876-91. 

3.2 MATERIALS 

Since the durability performance was the main objective of laboratory investigation, all 
concrete specimens were cast using supplementary cementitious materials (Fly Ash and 

(a) (b) 



GGBF Slag). Crystalline material was used as admixture with two proportions of 0.8% 
(CA1) and 1.2% (CA2) by weight of cementitious materials in concrete. Crushed 
limestone aggregate with specific gravity of 2700 kg/m3 and maximum size of 20 mm as 
coarse aggregate, and river sand with specific gravity of 2600 kg/m3 and maximum size 
of 4.75 mm as fine aggregate, were used. According to the Australian Standard AS 4997-
2005 recommendations, the minimum of 400 kg/m3 of cementitious material content and 
maximum water to binder (W/B) ratio of 0.4 were considered in all types of concrete. 

3.3 SAMPLES PREPARATION 

Three types of samples were prepared as follows: 

 Type-GB cement with 25% Fly Ash-class F (AS 3582.1), (FA) with and without 
Crystalline Admixture (CA) 

 Type-GB cement with approximately 38% Slag (AS 3582.2) (S1) with and without 
Crystalline Admixture (CA) 

 Type-GB cement with approximately 60% Slag (AS 3582.2) (S2) with and without 
Crystalline Admixture (CA) 

Based on these codes, for instance, S2-CA1 means a concrete sample with 60% slag 
and 0.8% crystalline admixture. 

4 CASE STUDIES 

Case studies presented in this paper are related to the durability performance of the 
concrete incorporating crystalline admixture materials in two different marine structures 
exposed to severe environment for 19 years. 

4.1 CRONULLA MARINA JETTY 

The prestressed crystalline modified concrete (CMC) panels (jetty slabs) were cast at the 
Cronulla Marina jetty, NSW, Australia in October 1994. Each panel has a thickness of 
100 mm and has foam flotation attached to the soffit. The top surfaces of the concrete 
panels have a nominal height of 350 mm from the sea level. The Cronulla Marina 
structure, which is located in Gunnamatta Bay, has been subjected to most severe 
environmental conditions within tidal and splash zone. The condition survey and 
assessment of the structure was conducted in 2013 after 19 years’ service (exposure 
time). Crystalline admixture proportion in the concrete mix was 4.2 kg/m3 which would be 
0.8% by weight of cement content. 

4.2 LASCELLES WHARF 

The precast CMC slab was cast at Lascelles Wharf – Geelong Ports, VIC, Australia in 
1995. This concrete slab has been in service as a bulk chemical and grain dock and also 
exposed to marine environment which is classified as the most severe exposure 
condition. The condition survey and assessment of the structure was conducted in 2014 
after 19 years’ service (exposure time). Crystalline admixture proportion in the concrete 
mix was 4.0 kg/m3 which would be 1% by weight of cement content. 

4.3 CONCRETE MIX DESIGNS 

Concrete mix designs for both case studies are presented in Table 1. 



Table 1 Concrete mix designs for both structures 

Project 
Cement CA (20mm) CA (10mm) Coarse Sand Fine Sand Water 

W/C 
[kg] [kg] [kg] [kg] [kg] [kg] 

Cronulla Marina 530 730 340 480 120 170 0.32 

Lascelles Wharf 400 420 620 90 660 150 0.37 

4.4 CONDUCTED TESTS 

Visual inspection, half-cell potential, and chloride content measurement were conducted 
as criteria for durability assessment of the structures. 

In both projects, Copper/Copper Sulphate (Cu/CuSO4) Electrode (CSE) was used to 
measure the half-cell potential. The standard that is typically employed to interpret the 
half-cell potentials measurements is ASTM C876-91. This standard provides a very 
general guide for probability of corrosion based on the half-cell potential values.  

At Cronulla Marina, the half-cell potentials were measured on 150 mm × 150 mm square 
grid over an area of 3.6 square meters. At Lascelles Wharf, the half-cell potentials were 
measured on 200 mm × 200 mm square grid over an area of 3.0 square meters. 

Chloride content measurements were carried out for both projects to specify the chloride 
resistance of CMC exposed to chloride environment after 19 years. Concrete cores were 
extracted from the slabs to measure the chloride content. The chloride content was 
measured in different depths up to the thickness of the concrete cover. The minimum 
concrete covers at the Cronulla Marina and Lascelles Wharf were 40 mm and 51 mm, 
respectively. 

5 RESULTS AND DISCUSSION 

Results and discussion are presented for laboratory investigations and case studies 
separately. 

5.1 LABORATORY TEST RESULTS 

Mechanical Properties 

Test results of workability and hardened concrete properties are presented Table 2. 

Table 2 Concrete categories and properties 

Mix Code W/B 
Cementitious CA Slump Compressive Strength [MPa] Drying Shrinkage 

Content [kg] [%] [mm] 3-day 28-day 91-day [micron] 

FA 0.4 435 Nil 95 21.9 36.2 46.7 719 
FA-CA1 0.4 435 0.8 105 22.1 44.1 53.8 577 
FA-CA2 0.4 435 1.2 100 28.0 47.5 58.0 562 

S1 0.4 435 Nil 95 28.1 49.9 64.8 814 
S1-CA1 0.4 435 0.8 100 28.6 52.7 65.7 689 
S1-CA2 0.4 435 1.2 90 28.6 52.9 66.3 711 

S2 0.4 435 Nil 100 14.2 38.1 49.3 803 
S2-CA1 0.4 435 0.8 105 14.4 38.5 49.8 772 
S2-CA2 0.4 435 1.2 95 15.7 42.0 53.4 772 

 

All concrete mixes slump test results were within the normally acceptable range. 28-day 
compressive strengths for all types of concrete in this investigation are presented in 
Figure 4. 



Concrete specimens with crystalline admixture showed higher compressive strength 
compared to the controls without CA. At age of 28 days, 31% improvement of 
compressive strength for FA series, 6% for S1 series and 10% for S2 series were 
observed. 

In addition, drying shrinkage results indicated improved performance for all specimens 
with crystalline admixture. In particular, for FA series, results showed significant reduction 
in drying shrinkage up to 22%. This shrinkage reduction for S1 and S2 series was 15% 
and 4%, respectively. 
 

 

Figure 4 28-day Compressive strength test results 

Apparent Volume of Permeable Voids (AVPV) Test 

The AVPV test results are summarised in Table 3. Generally, crystalline modified 
concretes showed lower AVPV values than the control mixes under all curing conditions. 
Increasing the proportion of the crystalline materials decreases the AVPV value. 
Significant reduction in AVPV was found with concrete mix FA-CA2 with 11% lower 
AVPV than the control mix FA after 180 days limewater curing. 

Table 3 Summary of AVPV test results 

Mix 
Code 

7d Lime + 
49d Air 

Change 7D Lime + 
173d Air 

Change 56d 
Lime 

Change 180d 
Lime 

Change 

AVPV [%] 
[%] 

AVPV [%] 
[%] AVPV 

[%] 
[%] AVPV 

[%] 
[%] 

FA 13.06 Control 12.95 Control 12.71 Control 10.75 Control 
FA-CA1 12.65 -3.1 12.05 -6.9 12.20 -4.0 9.87 -8.2 
FA-CA2 12.80 -2.0 12.08 -6.7 11.54 -9.2 9.57 -11.0 

S1 12.60 Control 12.44 Control 12.15 Control 10.22 Control 
S1-CA1 12.05 -4.4 11.52 -7.4 11.24 -7.5 9.54 -6.7 
S1-CA2 11.80 -6.3 11.25 -9.6 10.87 -10.5 9.32 -8.8 

S2 12.05 Control 11.84 Control 11.37 Control 9.24 Control 
S2-CA1 11.75 -2.5 11.20 -5.4 10.75 -5.45 8.64 -6.5 
S2-CA2 11.55 -4.1 10.94 -7.6 10.47 -7.9 8.45 -8.5 
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The results confirmed that due to pore blocking by crystals formation, the overall volume 
of permeable voids decreased. This phenomenon is supported by water permeability test 
presented in next section. 

Water Permeability 

All concrete types were tested for water permeability under 100 m water head. The 
concrete samples were cured in limewater for 90 days before testing. The test results 
have been summarised in Table 4 in terms of waster permeability coefficient. 

Table 4 Water permeability coefficients  

Mix Code FA 
FA-
CA1 

FA-
CA2 

S1 
S1-
CA1 

S1-
CA2 

S2 
S2-
CA1 

S2-
CA2 

Water Permeability 
Coefficient  

[×10
-12

 m/s] 

1.76 0.98 NIL 1.14 0.31 0.12 0.82 NIL NIL 

 

Although, no visible water leakage was observed in FA-CA2, S1-CA2, S2-CA1, and S2-
CA2 the water penetration depths of 22 mm, 16 mm, 14 mm, 11 mm, and 8 mm, 
respectively were measured. The results reveal, by increasing the dosage of crystalline 
material in the mix, water permeability of the concrete decreases. Considering the water 
permeability coefficient of crystalline modified concrete, this concrete can be categorised 
of high quality concrete in terms of mass transfer property which is suitable for structures 
exposed to severe environmental conditions. 

Rapid Chloride Penetration Test – ASTM C1202/CSIRO Modified 

The results of the rapid chloride ions test are presented in Table 5.  

Table 5 ASTM C1202 / CSIRO Modified test results 

Mix Code W/B 
ASTM C1202 CSIRO Reduction 

[Coulomb] [Coulomb] [%] 

FA 0.4 11261 5182 Control 
FA-CA1 0.4 3683 1219 -76% 
FA-CA2 0.4 2845 510 -90% 

S1 0.4 4607 1143 Control 
S1-CA1 0.4 4221 337 -71% 
S1-CA2 0.4 3887 308 -73% 

S2 0.4 3887 795 Control 
S2-CA1 0.4 3168 419 -47% 
S2-CA2 0.4 3251 306 -62% 

 

Based on the results, crystalline formation increases the electrical resistance of the 
concrete significantly. Crystalline modified concrete showed reduction in charge passing 
of 90%, 73%, and 62% compared to the reference specimens of FA, S1, and S2, 
respectively.  

Chloride Diffusion Test – Nordtest NT BUILD 443 

The tests were conducted according to the Nordtest (NT Build 443) with exposure time of 
35 days and 105 days. The test results are shown in  

Table 6. 



 

Table 6 Chloride diffusion coefficient for all types of concrete 

Mix Code 
CA 

Chloride Diffusion Coefficient 
[×10

-12
 m

2
/s] 

Change (105 days) 

[%] 35 days of Exposure 105 days of Exposure [%] 

FA Nil 15.0 8.0 Control 
FA-CA1 0.8 8.5 6.8 -15% 
FA-CA2 1.2 5.8 3.5 -56% 

S1 Nil 4.0 3.5 Control 
S1-CA1 0.8 2.2 2.5 -29% 
S1-CA2 1.2 1.5 1.0 -71% 

S2 Nil 3.0 1.7 Control 
S2-CA1 0.8 3.5 1.2 -29% 
S2-CA2 1.2 2.5 1.2 -29% 

 

Crystalline modified concrete indicated significant chloride resistance property even 
compared to fly ash and slag concrete which are categorised as high quality concrete. Up 
to 56% and 71% reduction in chloride diffusion rate in fly ash and slag concrete 
respectively proves that crystals formation can enhance the durability of the concrete 
significantly. 

The chloride profiles of the different types of concretes are presented in Figure 5 and 6. 
Test results revealed significant reduction in chloride content for crystalline modified 
concrete. The reductions of chloride content at the depth of 10 mm have been shown as 
examples in Figures 5 and 6. 

 

 

Figure 5 Chloride profiles of FA (a) and S1 (b) series 

0 

0,1 

0,2 

0,3 

0,4 

0,5 

0,6 

0 10 20 

C
h

lo
ri

d
e
 c

o
n

te
n

t 
[%

b
w

c
] 

Depth [mm] 

FA 

FA-CA1 

FA-CA2 

(a) 

14% 

54% 

0 

0,1 

0,2 

0,3 

0,4 

0,5 

0,6 

0,7 

0,8 

0,9 

0 10 20 

C
h

lo
ri

d
e
 c

o
n

te
n

t 
[%

b
w

c
] 

Depth [mm] 

S1 

S1-CA1 

S1-CA2 

(b) 

32% 

89% 



 

Figure 6 Chloride profiles of S2 series 

Estimation of Corrosion Initiation Time (Corrosion-Free Service Life) 

Corrosion-free service lives for S1 (38% slag), S1-CA1, and S1-CA2 concrete samples 
have been predicted utilising Fick’s second law and are presented in  

 

Table 7. Concrete cover of 45 mm, surface chloride concentration and chloride threshold 
level of 2.8% and 0.4% by weight of cement respectively, and marine splash zone as 
environmental exposure were considered as assumptions in estimation of service life. 
Chloride diffusion coefficient has been used from Table 6. Significant reduction in 
chloride diffusion coefficient in Xypex crystalline modified concrete depicted a remarkable 
extension of approximately 100 year in service life of the structure.  

 

Table 7 Prediction of corrosion-free service life 

Mix Code S1 S1-CA1 S1-CA2 

Crystalline Admixture [%] 0 0.8 1.2 

Corrosion-Free Service Life [year] 42 59 147 

 

5.2 CASE STUDIES RESULTS 

Visual Survey 

Site investigations conducted on both RC structures revealed that there was no sign of 
any concrete cracking, spalling or other defects and concrete slabs were in excellent 
conditions as shown in Figure 7. 
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Figure 7 Cronulla Marina (a) and Lascelles Wharf (b) current conditions 

Half-Cell Potential Results 

The results of half-cell potential measurements of both concrete slabs are summarised in 
Table 8. 

Table 8 Half-cell potential measurements for both concrete slabs 

Project Total Points Max. Potential [mV] Min. Potential [mV] Average [mV] 

Cronulla Marina 189 -140 -280 -154 

Lascelles Wharf 96 52.9 -243 -51.3 

 

Results indicated no corrosion activity in the concrete slabs. In Cronulla Marina the 
minimum potential was related to the area influenced by the exposed fittings fix on the 
slab at that point. Half-cell potential measurement results showed that the possibility of 
corrosion activity is less than 5%. 

 

Chloride Content Measurements 

The results of chloride content measurements are presented in Table 9. 

Table 9 Chloride content measurements 

Average Depth 
[mm] 

Cronulla Marina Lascelles Wharf 

Chloride Content 
[% by weight of cement] 

Chloride Content 

[% by weight of cement] 

10 1.163 0.5 

20 0.183 - 

30 0.085 0.14 

40 0.040 - 

50 - 0.06 

 

Considering the environmental exposure conditions, the chloride content measurements 
of both RC structures demonstrate a high quality of concrete after 19 years of exposure. 
For Cronulla Marina, to further quantitatively evaluate the resistance of crystalline 
modified concrete to chloride penetration, the chloride diffusion coefficient of the concrete 
was also calculated utilising Fick’s second law and it revealed an effective chloride 
diffusion coefficient of 8.0 × 10-14 m2/s. This chloride diffusion coefficient value is 

(a) (b) 



significantly lower than the high quality conventional concrete. Chloride profile for the 
structures is shown in Figure 8. 

 

Figure 8 Chloride profiles for both structures 

Estimation of Residual Corrosion-Free Service Life 

The free-corrosion service life for each structure has been calculated using chloride 
profiles and Fick’s 2nd law. The design service lives for both structures has been 50 
years. 

The free-corrosion service life of reinforced concrete structures is defined as the time 
required for the chloride concentration to reach to chloride threshold level (approximately 
0.4% by weight of cement) at the steel reinforcement surface. The minimum concrete 
covers used in Fick’s second law for Cronulla Marina and Lascelles Wharf were 40 mm 
and 51 mm, respectively.  

The predicted residual corrosion-free service lives of structures are presented in Table 
10. 

Table 10 Predicted residual corrosion-free service life for the structures 

Project Residual Service Life [years] 

Cronulla Marina 129 

Lascelles Wharf 164 

 

According to the calculations, actual service lives of both structures, Cronulla Marina and 
Lascelles Wharf, showed an increase by approximately 100 years and 130 years 
compared to design service life, respectively. 

6 CONCLUSIONS 

This paper presented laboratory and field investigations on mechanical properties and 
durability performance of crystalline modified concrete. Compressive strength, AVPV, 
water permeability, and chloride diffusion characteristic of the concrete samples were 
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examined as experimental investigation. Half-cell potential and chloride content were 
measured as the criteria for durability assessment of the reinforced concrete structures 
as case studies. Eventually, corrosion-free service lives for both experimental and case 
studies were calculated utilising Fick’s second law. The conclusions of investigations can 
be summarised as follows: 

 Non-soluble crystalline formation in concrete blocks the pores and heals the cracks 
permanently. 

 AVPV and water permeability of concrete decreased by crystalline technology 
considerably. 

 Xypex crystalline modified concrete increased the compressive strength of concrete 
up to 31% for fly ash concrete and 10% for slag concrete. 

 Xypex crystalline modified concrete showed an excellent long-term performance in 
severe environmental exposure conditions. 

 Chloride diffusion coefficient value in CMC confirmed that the interconnected pores in 
microstructure of the concrete have been blocked by crystals. 

 By blocking the pores and healing the cracks by crystals formation in concrete, actual 
service life of the structure have been extended significantly. 

 Increasing durability of the concrete definitely reduces the maintenance and repair 
costs of the RC structures exposed to severe environment. 

 Experimental test results and case studies investigations showed an excellent 
agreement in terms of the extension of service life of the concrete incorporating 
crystalline admixture. 

 Increasing service life of the structure will reduce the demand of raw materials such 
as aggregates, water, and cement as well as required energy in future which 
subsequently, decreases the environmental impact. By enhancing the lifetime 
performance of the structure and reducing environmental impact, sustainability of 
concrete structure can be achieved. 
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