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1. Introduction 
 
 At the 499th Advisory Committee on Reactor Safeguards (ACRS) meeting, the staff 
presented its review results on the McGuire/Catawba Nuclear Stations License Renewal 
Applications.  During the staff's presentation, one ACRS member asked the staff why a 
quantitative allowable phosphate limit is not included as part of the staff's acceptance criteria for 
defining aggressive groundwater/soil environments in license renewal application reviews.  The 
staff's response was that the current criteria for defining aggressive groundwater/soil 
environments are primarily based on American Concrete Institute (ACI) standards and industry 
experts opinion and believes that the current criteria are reasonable for defining groundwater/soil 
aggressive environment. The staff also committed to take an in-depth review of the issue (ie., if 
phosphate limits should be a part of the staff's criteria for aggressive groundwater/soil 
environment).   
 In a letter dated June 24, 2003 to NRC Chairman Diaz, the Chairman of the Advisory 
Committee on Reactor Safeguards (ACRS), Dr. Mario Bonaca, made three recommendations.  
The third recommendation states, ''The Generic Aging Lessons Learned Report (GALL) 
specifies limits for sulfate ion concentrations in below-grade water to avoid decrepitation of 
concrete.  The Staff should consider whether similar limits and guidance are needed for 
phosphate ion concentration."  Based on the above ACRS recommendation, NRR User Need, 
NRR-2004-002, was developed and forwarded to RES for consideration in January 2004. 
 
2. Objectives of Overall Investigation 
 
 The objectives of this investigation are to (1) understand the significant factors that may 
lead to the establishment of phosphate limits beyond those currently accepted in industry codes 
and standards documents (e.g., local soil conditions that may lead to an aggressive environment); 
(2) provide recommendations (technical basis), as appropriate, on whether a limitation on 
phosphate ion concentration in groundwater is required to avoid degradation of concrete 
structures; and (3) provide recommendations, as appropriate, in the form of staff guidance on the 
establishment of phosphate ion concentration limits. 
 
3. Approach 
 
 The end product of this research will be a document to assist the Staff in establishing a 
position on phosphate ion concentrations in groundwater for use in review of license renewal 
applications.  Literature and available industry standards will be reviewed and a letter report 
prepared summarizing the state-of-the-art.  An assessment of the effects of phosphate ions on 
concrete materials and structures will be made through contacts with cognizant researchers, 
lessons learned from non-nuclear facilities subjected to high phosphate ion concentrations, and a 
review of the literature.  Results of this assessment will be provided in a letter report that 
presents an evaluation of the effects of phosphate ions on concrete materials and structures.  A 
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"bench-scale" laboratory study will be conducted to investigate the effect of different phosphate 
ion concentrations on strength and weight and length change of cubes and prisms fabricated from 
Portland cement paste.  A report that can serve as a primer on factors that affect the durability of 
concrete materials and structures in nuclear power plants will be prepared.  Finally, a 
NUREG/CR report will be prepared that incorporates results from the prior letter reports and 
provides guidance for use in establishing limits on exposure of nuclear power plant concrete 
structures to high phosphate ion environments. If required, recommendations on limits such as 
those currently in effect for sulfates and chlorides will be provided as well as their basis. 
 The interim report on assessment of potential phosphate ion-cement interactions was 
completed and provided to NRC in August 2005.  Contained in this report are laboratory results 
obtained over a 12-month period of the potential for phosphate ion corrosion of ordinary 
Portland cements. 
 
4. Laboratory Exposure Tests 
 
 Results of a literature review and contacts with cognizant concrete research personnel 
reported previously noted that there was little information concerning the effect of phosphates on 
cementitious materials.  As a result, a laboratory study has been designed and implemented. 
 
4.1 Experimental Program 
 
 An outline of the experimental program developed is provided below.  

 
 a. Preparation of fresh paste 

 Type II Portland cement paste having a ratio of water to cement ~ 0.40 was used 
to fabricate the test articles.  This water/cement ratio was selected to generate samples 
having total porosity representative of that commonly found in current high-strength 
concrete formulations.   Prismatic length-change (16 specimens) and cube specimens 
(48 specimens) were fabricated from the mix.  One-day after casting, the specimens were 
removed from their molds and cured under saturated conditions (100% relative humidity) 
until exposure testing initiated.  
 

 b. Exposure solutions  
 The test specimens were exposed to three test solutions.  The three solutions 
represent a control and two concentrations of phosphate ions.  The phosphate solutions 
were selected to provide concentrations of phosphate ions much higher than normally 
experienced in service.  

  1. A saturated  calcium hydroxide solution (control) 
  2. A saturated low-soluble phosphate salt, magnesium phosphate   
   (MgHPO4), 
  3. A saturated high-solubility phosphate salt, sodium hydrogen phosphate  
   dodecahydrate (Na2HPO4*12H2O). 

 Excess solids of these salts were poured onto the bottom of a tray with enough 
water to cover the cubes and prisms.  The aqueous brine solutions become saturated in 
equilibrium with the excess solids.  If the cement extracts phosphate from the brines, this 
ensures constant concentrations in the exposure brines during the concrete (cement paste) 
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interaction with the brine.  The cubes and prisms are suspended above the excess solids 
by PVC corner braces.  

 c. Specimens and number of samples per time interval 
  1. Compressive strength:  triplicate 2-in. cubes for each set of test conditions 
  2. Dimensional change:  1 x 1 x 11-in.  prisms  with 4 prisms per set of  
   parameter tested  
 d. Time intervals for testing  
  1. 30-day, 
  2. 3-months,  
  3. 6-months,  
  4. 1-year, and  
  5. 18-months  
 e. Testing at each time interval 
  1. Compressive strength (ASTM C109) 
  2. Dimensional change (ASTM C490) 
  3. X-Ray Diffraction (XRD) 
 f. Scanning Electron Microscopy (SEM) with energy dispersive X-ray (EDX)  
  probes will be applied if XRD measurements indicate the formation of significant  
  new phases or if visual examinations of the exposed specimens show signs of  
  degradation or secondary mineralization.  

 
4.2 Phosphate-Cement Interactions:  Twelve-Month Results 
 
4.2.1 Observations 
 
 Figure 1 presents the length change and cube test specimens being conditioned in the three 
solutions investigated.  The solution of Na2HPO4 is clear and transparent.  The solution of 
MgHPO4 contains some carbonates floating on top of the solution, but much less than the 
solution of calcium hydroxide.  In both the magnesium and calcium hydroxide solutions, the 
specimens are covered with white deposits of carbonates (magnesium and calcium, respectively). 
 

 
 

Figure 1  Length change and cube test specimens. 
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 Cube specimens conditioned in the Ca(OH)2 solution are shown in Figure 2a.  A close-up 
view of one of the cube specimens shows deposits of calcium carbonate (CaCO3) growing on the 
surface (Figure 2b).  These carbonates result from carbonation by air of the calcium hydroxide 
from the solution. 
 

 
 

Figure 2 Crystals of Ca(CO)3 present on cube specimens  
stored in Ca(OH)2 solution 12 months. 

 
 The specimens conditioned in both of the phosphate solutions are beginning to show the 
formation of small crystals growth on their sides.  The crystals seen on the specimens  
conditioned in the magnesium phosphate solution appear to be larger and more abundant than 
those seen on the specimens conditioned in the sodium phosphate solution (Figure 3). 
 

 
 

Figure 3  Details of surfaces of cube specimens stored in  
Na2HPO4 and MgHPO4 solutions for 12 months. 
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4.2.2 Length and weight change results 
 
 The samples conditioned in Ca(OH)2 provide the reference for comparison with the 
specimens conditioned in the phosphate solutions.  The results obtained for weight and length 
changes are illustrated in Figures 4 and 5, respectively.  The actual data utilized to prepare these 
figures is found in the appendix.  The expansion shown for the specimens conditioned in the 

 
Figure 4  Comparison of length change results as function of time. 

 

 
Figure 5  Comparison of weight change results as function of time. 
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MgHPO4 solution is comparable to that exhibited by the reference Ca(OH)2 solution.  Results 
obtained for the specimens conditioned in the Na2HPO4 solution exhibit a reduced length change 
relative to that obtained for the Ca(OH)2 reference.  
 
 The weight change for the specimens conditioned in the phosphate solutions is less that 
that obtained for specimens conditioned in the reference Ca(OH)2 solution. The curve obtained 
for the specimens conditioned in the MgHPO4 solution shows a slight increase in weight gain 
relative to the specimens conditioned in the Na2HPO4 solution. Some of the differences in weight 
change can be attributed to differences in the propensity of the solutions for crystal formation on 
the specimens surfaces (e.g., specimens conditioned in the MgHPO4 solution tend to also form 
carbonate crystals). 

 
4.2.3 Compressive strength results 
 
 Three specimens were tested after twelve months of conditioning in each of the solutions. 
The compressive strength tests were performed according to the standard ASTM C109, 
“Standard Test Method for Compressive Strength of Hydraulic Cement Mortars.”  Figure 6 
presents a summary of results obtained to date.  The error bar associated with each average result  
 
 

 
Figure 6  Compressive strength test results. 
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is also provided on the graph.  For some results, the error bar is wide; this is usually caused by 
some defect present in one of the test specimens.  A statistical evaluation of the measurements 
did not allow removing any measured value as an outlier.  The actual data utilized to prepare this 
figure is found in the appendix.  The results indicate that there is no significant difference 
between the compressive strength of specimens conditioned in the phosphate solutions and the 
reference Ca(OH)2 solution. 
 
4.2.4 X-ray diffraction results 
 
 Specimens tested after 12 months of conditioning in each of the solutions were first dried 
for 4 days in an oven at 80°C to remove the non-reacted water to stop further reactions.  An 
aliquot of each specimen was then crushed and sieved to obtain material passing a 75 µm sieve.  
X-ray diffraction examinations of the material were performed using a Scintag PADV vertical 
theta/2-theta goniometer available at the ORNL High Temperature Materials Laboratory 
(HTML).  This 
instrument coupled with the Jade® software permits phase identification by means of computer 
search-match using the entire Powder Diffraction File.  The spectra obtained for samples 
conditioned in each of the solutions were found to be very similar.  Hydrated phases identified 
included:  Portlandite [Ca(OH)2], C-S-H (calcium silicate hydrates), and possibly Ettringite. 
Peaks of non-hydrated cement phases identified included:  C4AF (Brownmillerite), C3S 
(tricalcium silicate) and C2S (dicalcium silicate).  No mineral containing phosphate was identified. 
X-ray diffraction spectra for material from specimens conditioned in Na2HPO4, MgHPO4, and 
Ca(OH)2 are presented in Figures 7-9, respectively. 
 

 
 

Figure 7 XRD spectrum of specimen conditioned 12 months in Na2HPO4. 
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Figure 8 XRD spectrum of specimen conditioned 12 months in MgHPO4. 
 

 
 

Figure 9 XRD spectrum of specimen conditioned 12 months in Ca(OH)2. 
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4.2.5 SEM examination results 
 
 The scanning-electron microscope (SEM) examinations performed on specimens after 
12 months of conditioning in each of the solutions confirmed the results found by X-ray 
diffraction.  Phosphate-containing crystals were not observed in the specimens even at locations 
close to the exposed surfaces of the cement paste cubes.  Mineralogical phases observed were C-
S-H, Ettringite, Portlandite, calcium sulfoaluminates and non-hydrated clinker.  These phases are 
typical of those observed in cement paste specimens that had been cured under control 
conditions [e.g., in a Ca(OH)2 solution].  The cement paste did not appear to have been modified 
as a result of the 12 months of conditioning in the phosphate solutions.  Figures 10 – 14 provide 
SEM results showing typical phases observed in specimens that had been conditioned in the 
Na2HPO4 and MgHPO4 solutions. 
 

 
 
Figure 10  SEM result showing of cement paste – 12 months conditioning in Na2HPO4 solution. 

 

 
 

Figure 11  SEM result showing C3S surrounded by dense layer of C-S-H –  
12 months conditioning in Na2HPO4 solution [Ca(OH)2 and  

calcium sulfoaluminates visible in cement paste]. 
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Figure 12  SEM result showing C-S-H and sulfoaluminates –  
12 months conditioning in Na2HPO4 solution. 

 

 
 

Figure 13  SEM result showing Ettringite in cement paste –  
12 months conditioning in MgHPO4 solution. 

 

 
 

Figure 14 SEM result showing Calcium sulfoaluminates –  
12 months conditioning in MgHPO4 solution.  
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4.2.6 Future tests 
 
 Sufficient numbers of specimens remain that additional testing can be performed.  Current 
plans are to remove the specimens form the three solutions after 18 months of conditioning and 
repeat the testing performed at 12 months. 
 
5. Conclusions 
 
 After 12 months of conditioning in either of the phosphate solutions the specimens 
exhibited either an equivalent length change (MgHPO4) or a reduced length change (Na2HPO4) 
relative to that obtained from specimens conditioned in the reference Ca(OH)2 solution.  Weight 
gains exhibited by specimens conditioned for 12 months in the phosphate solutions were similar, 
but less than that observed for specimens conditioned in the reference Ca(OH)2 solution.  The 
weight gain exhibited by specimens conditioned in the Na2HPO4 was slightly less than that 
obtained for specimens conditioned in the MgHPO4 solution.  Compressive strength results 
obtained for specimens conditioned in the phosphate solutions were comparable to those 
obtained from specimens conditioned in the reference Ca(OH)2 solution.  X-ray diffraction and 
scanning-electron microscope results indicate that similar mineralogical phases have been 
observed for specimens conditioned in the phosphate solutions and the reference Ca(OH)2 

solution.  Phosphate-containing crystals have not been observed in specimens conditioned in 
either of the phosphate solutions.  After 12 months of conditioning  no sign of deleterious effects 
of phosphate salts on cement pastes have been observed. 
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APPENDIX 
 

Tabulation of Results 
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