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EXECUTIVE SUMMARY 

On January 7, 2020, a 6.0 to 6.4 magnitude earthquake struck the south side of Puerto Rico island generating seismic 
waves that travelled to the nearby Costa Sur Power Plant in Guayanilla. A series of distress from visible cracking to spalling 
of insulating cover of power plant generator has occurred. The mass concrete of the generator bases exposed to an outdoor 
marine environment were reportedly built in 1970. Two hardened concrete cores (CP-1 from Generator Base Unit #5 and 
CP-2 from Generator Base Unit #6) were provided, one was taken from turbine 5 (18 in. long) and another one from 
turbine 6 (24 in. long) where only the top 6 in. of the core was provided. Compressive strength tests on three cores from 
Generator No. 5 showed results of 4370 psi, 5933 psi, and 7008 psi. Three additional cores from Generator No. 6 showed 
strength results of 4035 psi, 6033 psi, and 6332 psi. All these strength results taken on March 27, 2020 i.e., apparently 
two months after the earthquake showed no apparent strength loss from internal earthquake-induced cracking of concrete 
in those six cores. The purpose of this investigation is to evaluate the condition of concrete at these core locations after 
the earthquake from petrographic examinations and chemical analyses.  

Both cores were examined by detailed petrographic examinations following the guidelines of ASTM C 856, along with 
determination of penetration of potentially deleterious agents of the outdoor marine environment in the cores, e.g., of 
atmospheric carbon dioxide, chloride, and sulfate, particularly if penetration of such elements were triggered by sudden 
formation of cracks from the earthquake. Concentration of water-soluble deleterious chemicals in concrete were 
determined by ion chromatography according to the procedures of ASTM D 4327.  

Based on detailed petrographic examinations, concrete in both cores are found to be compositionally similar and made 
using: (a) lightly crushed volcanic gravel coarse aggregates having nominal maximum sizes of 3/4 in. (19 mm) and 
containing major amounts of volcanic andesite, and subordinate amounts of volcanic basaltic andesite, and basaltic 
breccia, (b) natural siliceous sand and finer fraction of volcanic rocks and minerals in fine aggregates, (c) Portland cement 
pastes having cement contents estimated to be 7 to 71/2 bags per cubic yard and water-cement ratios estimated to be 0.45 
to 0.50; depths of carbonation of paste are measured to be maximum 25 mm in Core CP-1 and 10 mm in Core CP-2 
where carbonation has extended to deeper regions (forming V-shaped carbonated zone) along the vertical hair-line surface 
microcracks formed from normal drying (and/or thermal) shrinkage of a mass concrete during service, which are unrelated 
to the recent earthquake, and (d) air contents estimated to be 1 to 2 percent in the non-air-entrained concretes. Concretes 
in the interiors of both cores (i.e., beyond the surface microcracks to depths of about an inch), are free of any visible 
cracks let alone to form from the recent earthquake. Both cores, however, were each received in two broken pieces due 
to a central crack in each, which may represent a pre-existing crack, or a crack formed from recent earthquake, or may 
also have formed during the coring operations. Irrespective of the mode of formation of those major cracks that broke 
each core into two unequal portions, the concrete per se shows no evidence of any potentially deleterious chemical or 
physical deterioration to form those cracks. Concrete in the interior of mass concrete columns at the bases of both 
generators are apparently found the be in sound crack-free condition at least in the portions of two cores examined in this 
present study.  

Water-soluble chloride contents from three depths are noticeably higher in Core CP-1 from Unit #5 as opposed to 
negligible chloride detected at all three depths in Core CP-2 from Unit #6. This indicates a clear interaction of concrete 
with high chloride in the marine environment at the location of Core CP-1 as opposed to minimal or no penetration of 
chloride from the environment at the location of Core CP-2 from Unit #6. Except for the surface region of Core CP-1, 
sulfate contents are more or less similar in all depths in both cores indicating contribution from Portland cement 
component of concrete. Sulfate content at the exposed end of Core CP-1 in Unit #5 indicates an ingress from the external 
environment, which is consistent with ingress of chloride at this core. Clearly, concrete at the location of Core CP-1 is 
more affected by penetration of elements from the marine environment than the concrete at the location of Core CP-2 in 
Unit #6. However, none of these elemental migrations has created any chemical deterioration of concrete in Core CP-1 
at least to be detected in the present study.  Apparently, there is no effect of the reported January earthquake at the 
generator bases to trigger higher penetration of chemicals from the environment into the concrete through the preexisting 
or newly formed cracks, at least during the course of this study.  

In summary, concrete in the interior of mass concrete columns at the bases of both generators are found to be present in 
sound, crack-free condition with no evidence of any potentially deleterious reactions, at least in the portions of two cores 
examined in this present study. Results from petrography are consistent with the reported strength results, which showed 
4000 to 7000 psi range of strength across six cores from two generator bases.  
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INTRODUCTION 

Reported herein are the results of detailed laboratory studies of two (2) hardened concrete cores (CP-1 from 

Generator Base Unit #5 and CP-2 from Generator Base Unit #6) collected from the bases of two generator units at 

Costa Sur Power Plant, located in Guayanilla, Puerto Rico. The purpose of the investigation is to evaluate the 

condition of concrete at these core locations after a recent earthquake of magnitude 6.0 to 6.4 that occurred on 

January 7th, 2020, on the south side of the island (epicenter was 6 km deep, a few kilometers to the southwest).  

BACKGROUND INFORMATION 

The mass concrete of the generator bases exposed to an outdoor marine environment were reportedly built in 1970. 

Of the two cores provided, one was taken from turbine 5 (18 in. long) and another one from turbine 6 (24 in. long) 

where only the top 6 in. of the core was provided.   

Compressive strength tests on three cores from Generator No. 5 showed results of 4370 psi, 5933 psi, and 7008 psi. 

Three additional cores from Generator No. 6 showed strength results of 4035 psi, 6033 psi, and 6332 psi. All these 

strength results taken on March 27, 2020 apparently two months after the earthquake showed no apparent strength 

loss from internal earthquake-induced cracking of concrete in those six cores.  

FIELD PHOTOGRAPHS 

Figure 1 shows aerial view of Costa Sur Power Plant including the two generator bases (Base #5 and 6) from where 

two cores for this study were collected. Also shown by arrow is the direction of seismic wave that hit the power 

plant in January of 2020 from magnitude 6.0 to 6.4 earthquake. Figure 2 shows sketch of Generator Unit Base #5 

and photos of Base #5 from northwest and southwest concrete column faces. Figure 3 shows sketch of Generator 

Unit Base #6 and photos of Base #6 from northwest and southwest concrete column faces. 

Figure 4 shows an example of damage from 6.0 to 6.4 earthquake that hit the power plant in January 2020 showing 

cracking and spalling of insulating cover of Generator Unit #6.  

PURPOSES OF PRESENT INVESTIGATION  

Based on the background information and field photos provided, the purposes of the present investigation are to 

evaluate the quality and condition of concrete in the two cores to assess the extent of damage from earthquake, if 

any, and evaluate future performance of concrete.   
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Figure 1: Areal view of Costa Sur Power Plant showing two generator bases, Base #5 and 6, from where two cores 
for this study were collected. Also shown by arrow is the direction of seismic wave that hit the power plant in 
January of 2020, from magnitude 6.0 to 6.4 earthquake.  
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Figure 2: Sketch of Generator Unit Base #5 (top) and field photos of Base #5 from northwest (bottom left) and 
southwest (bottom right) concrete column faces.  
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Figure 3: Sketch of Generator Unit Base #6 (top) and field photos of Base #6 from northwest (bottom left) and 
southwest (bottom right) concrete column faces. 
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Figure 4: An example of damage from 6.0 to 6.4 earthquake that hit the power plant in January 2020 showing 
cracking and spalling of insulating cover of Generator Unit #6.  
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METHODOLOGIES 

The concrete cores were examined by detailed petrographic (microscopical) examinations by following the methods 

of ASTM C 856 “Standard Practice for Petrographic Examination of Hardened Concrete.”  Details of concrete 

petrography, and sample preparation techniques for petrographic examinations of concrete are provided in Jana 

(2006). 

Briefly, the steps followed during petrographic examination of the samples include:  

i. Visual examinations of samples, as received, with particular reference of any visible cracking near the 

exposed surfaces that were, reportedly, formed after the earthquake;  

ii. Low-power stereo-microscopical examinations 

of as-received, saw-cut and freshly fractured 

sections, and lapped cross sections of samples for 

evaluation of textures, and compositions, and 

diagnosis of any distress; 

iii. Examinations of oil immersion mounts in a 

petrographic microscope for mineralogical 

compositions of specific areas of interest; 

iv. Examinations of blue dye-mixed (to highlight 

open spaces, cracks, voids, etc.) epoxy-

impregnated large area (50 mm ´ 75 mm) thin 

sections of concretes in a petrographic 

microscope for detailed compositional and 

microstructural analyses; 

v. Determination of depth of carbonation and other 

alterations of paste from the surfaces in contact with the elements in a marine environment; 

vi. Photographing the samples, as received and at various stages of preparation with digital camera and scanner;  

vii. Micrographs of lapped sections and thin sections of samples taken with stereomicroscope and petrographic 

microscope, respectively, to provide detailed compositional and mineralogical information of concrete.  

viii. A Jenoptik Progres GRYPHAX camera attached to a Nikon Eclipse 600 POL petrographic microscope 

(equipped with reflected, transmitted, polarized and fluorescent-light facilities), a Jenoptik Progres C14 

camera attached to an Olympus SZH reflected and transmitted-light stereomicroscope, and an OMAX digital 

camera attached to a Nikon SMZ-10A low-power stereomicroscope were used together for detailed optical 

microscopical examinations and associated digital photomicrography (Figure 5). 

Figure 5:  Nikon Eclipse E600 POL petrographic 
microscope and Nikon SMZ-10A stereomicroscope 
used for examinations of thin sections and lapped 
sections of concrete cores, respectively. 
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WATER-SOLUBLE CHLORIDE AND SULFATE 

Since ingress of chloride from the environment and/or presence of chloride in the concrete ingredients can cause 

chloride-induced corrosion of steel in concrete, water-soluble chloride content of concrete was determined from 

the exposed region, mid-depth location, and bottom end of the cores by ion chromatography. By this method, not 

only chloride but water-soluble sulfate content of concrete can also be determined where excessive sulfate, if 

present, and its potentially deleterious role can also be investigated.  

Ion chromatography is an established technique for analyses of various water-soluble anions (e.g., chloride, sulfate) 

in concrete. Sections removed from the top, mid-depth, and bottom locations of cores were pulverized, digested in 

ultrapure deionized water to dissolve all water-soluble salts, then solid residues are filtered out, and finally water-

digested filtrates are analyzed by an ion chromatograph.  

Procedures followed in Ion chromatography are described in ASTM D 4327 “Standard Test Method for Anions in 

Water by Chemically Suppressed Ion Chromatography.” Briefly, an aliquot of 1 gram of pulverized sample (passing 

No. 50 sieve) is digested in 50 ml deionized water for 6 to 8 hours on a magnetic stirrer at a temperature below 

boiling point of water; then the digested sample is filtered through two 2.5-micron filter papers using vacuum, 

followed by a second filtration through micro-filter (0.2 micron) paper, then the filtrate is either used directly or 

diluted to 100 to 250 ml with distilled water depending on the concentration of ions, and used for analysis to get 

ppm-level cations (calcium, magnesium, sodium, potassium, lithium, ammonium), and anions (fluoride, chloride, 

nitrite, bromide, nitrate, phosphate, and sulfate) in the water-digested sample in Metrohm IC units (Figure 6). The 

instruments are calibrated against multiple custom-made Metrohm standard solutions having all the ions of interest 

from 0.1-ppm to 100-ppm levels. To check the accuracy of the instrument, a 50-ppm standard solution was run first 

prior to the analyses of samples. 

  

  

Figure 6: Water-soluble chloride, sulfate and other anions extracted from the cores were analyzed by Metrohm 
881 Compact IC Professional with the attached 858 Professional Sample Processor. 
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SAMPLES 

PHOTOGRAPHS, IDENTIFICATION, INTEGRITY, AND DIMENSIONS 

Figures 7 to 10 show the two concrete cores as received from the bases of generator units #5 and 6.    

Sample 
ID Diameter Length 

Exterior 
Surface 

Interior 
Surface Cracking Embedded Items Integrity 

CP-1 
From 

Base #5 

3 in. 
(75 mm) 

81/2 in 
(220 mm) 

Beige 
paint 

Fresh 
fractured 

A crack at 4 in. depth 
from exterior face 

broke the core into two 
pieces 

No embedded items 
Broken, 

Dry, 
Ring 

CP-2 
From 

Base #6 

3 in. 
(75 mm) 

7 in 
(180 mm) 

Beige 
paint 

Fresh 
fractured 

A crack at 51/2 in. 
depth from exterior 

face broke the core into 
two pieces 

No embedded items 
Broken, 

Dry, 
Ring 

Table 1:  Dimensions and conditions of the two cores, as received. 

 
Figure 7: Field 
photo showing 
extraction of Core 
CP-1 from the 
exterior concrete 
column of the base 
of Generator Unit 
#5 that was used 
for the present 
laboratory studies. 
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Figure 8: Field photo showing extraction of Core CP-2 from the exterior concrete column of the base of Generator 
Unit #6 that was used for the present laboratory studies. 
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Figure 9: Shown are the side cylindrical surface (top), exposed surface end with a thin beige protective paint coat 
(bottom left), and fresh fractured surface (bottom right) of Core CP-1 from the Generator Unit Base #5 as received.   
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Figure 10: Shown are the side cylindrical surface (top), exposed surface end with a thin beige protective paint coat 
(bottom left), and fresh fractured surface (bottom right) of Core CP-2 from the Generator Unit Base #6 as received. 
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PETROGRAPHIC EXAMINATIONS 

LAPPED CROSS SECTIONS 

 
Figure 11:  Lapped cross sections of the cores CP-1 (left) and CP-2 (right) from Generator Unit #5 and 6, respectively 
showing: (a) beige discoloration of concrete at the top exposed surface regions of both cores due to atmospheric 
carbonation, where CP-1 shows much deeper carbonation depth than CP-2; (b) lightly crushed gravel coarse 
aggregate, which is found to be volcanic igneous rocks of basalt-andesite clan (mostly andesite) showing 
characteristic porphyritic texture of plagioclase phenocrysts in a finer-grained groundmass; (c) natural siliceous sand 
fine aggregate, which also contains finer fraction of volcanic coarse aggregate; (d) good grading and well-
distribution of aggregates in both cores; and (e) visible cracks at the central portions of both cores, which may have 
formed from the alleged earthquake incident, or, represent some pre-existing cracks formed prior to the January 
2020 earthquake, or, perhaps, formed during coring operations. Concrete in both generator bases are dense, non-
air-entrained, well-consolidated mass concretes.  
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Figure 12:  Lapped cross sections of the cores CP-1 (top) and CP-2 (bottom) from Generator Unit #5 and 6, 
respectively showing: (a) beige discoloration of concrete at the top exposed surface regions of both cores due to 
atmospheric carbonation, where carbonated zones are marked by dashed yellow lines, where CP-1 shows much 
deeper carbonation depth (up to 25 mm) than CP-2 (maximum 10 mm); (b) lightly crushed gravel coarse aggregate, 
which is found to be volcanic igneous rocks of basalt-andesite clan (mostly andesite) showing characteristic 
porphyritic texture of plagioclase phenocrysts in a finer-grained groundmass; (c) natural siliceous sand fine aggregate, 
which also contains finer fraction of volcanic coarse aggregate; (d) good grading and well-distribution of aggregates 
in both cores; and (e) some fine  hair-line vertical shrinkage microcracks at the exposed surface regions that have 
transected the protective paint coat, extended to depths of 5 to 10 mm, showed V-shaped carbonation along those 
vertical microcracks, and are judged unrelated to the reported January 2020 earthquake incident.  

The most important information obtained from examinations of lapped cross sections of cores are absence of any 

cracking due to the earthquake per se (except, of course the two main cracks in both cores, one in each core, which 

may have formed from the coring operations). If the main visible crack in each core (at 4 in. and 51/2 in. depths from 

the exposed faces of Cores CP-1 and CP-2, respectively) are indeed due to the earthquake event, then interior 

concrete should have shown many other cracks as well, which are not seen. Interior concrete away from those main 

cracks are sound, crack-free and present in dense, well-consolidated condition.  
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MICROGRAPHS OF LAPPED CROSS SECTIONS 

 
Figure 13:  Micrographs of lapped cross section of the Core CP-1 from the base of Generator Unit #5 showing the 
surface region of concrete. Arrows show fine, hair-line vertical shrinkage microcracks extended to a maximum 
depth of 25 mm, which are judged to be the normal drying shrinkage microcracks in mass concrete unrelated to 
the earthquake event. The V-shaped carbonation zone along these microcracks indicate their preexisting presence 
prior to the earthquake when carbon dioxide from the atmosphere has entered into the concrete along those hair-
line microcracks and has extended carbonation deeper along the cracks than elsewhere. Notice the non-air-
entrained nature of concrete. A thin beige protective paint coat of less than 0.05 mm thickness is noticed on the 
exposed surface end. Scale bars are 0.50 mm.    
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Figure 14:  Micrographs of lapped cross section of the Core CP-1 from the base of Generator Unit #5 showing the 
interior portion of concrete. Arrows show fine, hair-line vertical shrinkage microcracks at the surface extended to a 
maximum depth of 25 mm, which are judged to be the normal drying shrinkage microcracks in mass concrete 
unrelated to the earthquake event. Also noticed are a few microcracks that transected the aggregate particles. Notice 
the non-air-entrained nature of concrete.  



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

Investigation of Distress From 6.0 to 6.4 Earthquake in Concrete Power Plant Genertor Bases, Puerto Rico 17 

 

 
Figure 15:  Micrographs of lapped cross section of the Core CP-2 from the base of Generator Unit #6 showing the 
surface region of concrete. Arrows show fine, hair-line vertical shrinkage microcracks extended to a maximum 
depth of 10 mm, which are judged to be the normal drying shrinkage microcracks in mass concrete unrelated to 
the earthquake event. Deeper carbonation of paste along these microcracks indicate their preexisting presence prior 
to the earthquake when carbon dioxide from the atmosphere has entered into the concrete along those hair-line 
microcracks and has extended carbonation deeper along the cracks than elsewhere. Notice the non-air-entrained 
nature of concrete. A thin beige protective paint coat of less than 0.05 mm thickness is noticed on the exposed 
surface end. Scale bars are 0.50 mm.    
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Figure 16:  Micrographs of lapped cross section of the Core CP-2 from the base of Generator Unit #6 showing the 
interior portion of concrete. Arrows show fine, hair-line vertical shrinkage microcracks at the surface extended to a 
maximum depth of 10 mm, which are judged to be the normal drying shrinkage microcracks in mass concrete 
unrelated to the earthquake event. Also noticed are a few microcracks that transected and circumscribed the 
aggregate particles. Notice the non-air-entrained nature of concrete.   
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THIN SECTIONS 

 
Figure 17:  Blue dye-mixed epoxy-impregnated thin sections of cores showing the surface carbonation highlighted 
by dashed lines of beige discolored carbonated zones, lack of entrained air-voids indicating non-air-entrained 
nature of concrete, and distribution of lightly crushed volcanic rock gravels and siliceous sand in a Portland cement 
paste. Blue dye-mixed epoxy highlights cracks, voids, and porous areas of paste.  
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MICROGRAPHS OF THIN SECTIONS 

 
Figure 18:  Micrographs of thin section of Core CP-1 from the base of the Generator Unit #5. A thin protective paint 
coat is detected on top of concrete in the top row photos. Beneath the coat is the main concrete, which shows 
carbonation, discoloration, and vertical shrinkage microcracking from normal interaction of concrete and 
atmospheric carbon dioxide. All photos show andesite gravel coarse aggregate particles having characteristic 
volcanic (porphyritic) texture consisting of plagioclase and pyroxene phenocrysts in a finer-grained groundmass of 
ferromagnesian minerals and glass. Fine aggregates are silica sand, and finer fraction of volcanic rocks and minerals.  
Notice the overall carbonated nature of paste from characteristic golden yellow interference color since all photos 
were taken from the top 25 mm of carbonated zone.  
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Figure 19:  Micrographs of thin section of Core CP-1 from the base of the Generator Unit #5. Concrete at the surface 
region shows carbonation, discoloration, and vertical shrinkage microcracking from normal interaction of concrete 
and atmospheric carbon dioxide. All photos show andesite gravel coarse aggregate particles having characteristic 
volcanic (porphyritic) texture consisting of plagioclase and pyroxene phenocrysts in a finer-grained groundmass of 
ferromagnesian minerals and glass. Fine aggregates are silica sand, argillaceous rocks (e.g., shale), and finer fraction 
of volcanic rocks and minerals.  Notice the overall carbonated nature of paste from characteristic golden yellow 
interference color since all photos were taken from the top 25 mm of carbonated zone. 
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Figure 20:  Micrographs of thin section of Core CP-1 from the base of the Generator Unit #5. Concrete shows lesser 
carbonation due to interior region of concrete from where photos were taken. All photos show andesite gravel 
coarse aggregate particles having characteristic volcanic (porphyritic) texture consisting of plagioclase and pyroxene 
phenocrysts in a finer-grained groundmass of ferromagnesian minerals and glass. Fine aggregates are silica sand, 
and finer fraction of volcanic rocks and minerals.   
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Figure 21:  Micrographs of thin section of Core CP-1 from the base of the Generator Unit #5. Concrete shows patchy 
areas of carbonation where paste becomes porous and have fine-grained carbonate deposits as opposed to calcium 
hydroxide. All photos show andesite gravel coarse aggregate particles having characteristic volcanic (porphyritic) 
texture consisting of plagioclase and pyroxene phenocrysts in a finer-grained groundmass of ferromagnesian 
minerals and glass, and some basaltic breccia. Fine aggregates are silica sand, and finer fraction of volcanic rocks 
and minerals.  
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Figure 22 Micrographs of thin section of Core CP-1 from the base of the Generator Unit #5. Concrete shows patchy 
areas of carbonation separated from non-carbonated paste where carbonated paste becomes porous and have fine-
grained carbonate deposits as opposed to calcium hydroxide in non-carbonated portions. Photos show some 
cracked basaltic breccia particles in gravel. Fine aggregates are silica sand, and finer fraction of volcanic rocks and 
minerals. 
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Figure 23:  Micrographs of thin section of Core CP-1 from the base of the Generator Unit #5. Photos show andesite 
gravel coarse aggregate particles having characteristic volcanic (porphyritic) texture consisting of plagioclase and 
pyroxene phenocrysts in a finer-grained groundmass of ferromagnesian minerals and glass, and some basaltic 
breccia. Fine aggregates are silica sand, and finer fraction of volcanic rocks and minerals. Paste is non-carbonated 
in these photos taken in plane (top) and corresponding crossed (bottom) polarized light mode with a petrographic 
microscope.  
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Figure 24:  Micrographs of thin section of Core CP-2 from the base of the Generator Unit #6. A thin (0.25 mm thick) 
protective paint coat is detected on top of concrete in the top row photos. Beneath the coat is the main concrete, 
which shows carbonation, discoloration, shrinkage microcracking from normal interaction of concrete and 
atmospheric carbon dioxide. All photos show andesite gravel coarse aggregate particles having characteristic 
volcanic (porphyritic) texture consisting of plagioclase and pyroxene phenocrysts in a finer-grained groundmass of 
ferromagnesian minerals and glass. Fine aggregates are silica sand, and finer fraction of volcanic rocks and minerals.  
Notice the overall carbonated nature of paste from characteristic golden yellow interference color since all photos 
were taken from the top 10 mm of carbonated zone.  
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Figure 25:  Micrographs of thin section of Core CP-2 from the base of the Generator Unit #6. Photos show 
carbonation, discoloration, shrinkage microcracking from normal interaction of concrete and atmospheric carbon 
dioxide. All photos show andesite gravel coarse aggregate particles having characteristic volcanic (porphyritic) 
texture consisting of plagioclase and pyroxene phenocrysts in a finer-grained groundmass of ferromagnesian 
minerals and glass. Fine aggregates are silica sand, and finer fraction of volcanic rocks and minerals.  Notice the 
overall carbonated nature of paste from characteristic golden yellow interference color since all photos were taken 
from the top 10 mm of carbonated zone. 
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Figure 26:  Micrographs of thin section of Core CP-2 from the base of the Generator Unit #6. All photos show 
andesite gravel coarse aggregate particles having characteristic volcanic (porphyritic) texture consisting of 
plagioclase and pyroxene phenocrysts in a finer-grained groundmass of ferromagnesian minerals and glass. Notice 
the boundary between carbonated and non-carbonated paste in the middle row photos where carbonated paste at 
the top shows fine-grained calcium carbonate paste whereas non-carbonated paste at the bottom half shows calcium 
hydroxide crystals from Portland cement hydration. Bottom row photos show phenocryst cluster of plagioclase and 
pyroxene crystals in a fine-grained groundmass in an andesite gravel coarse aggregate particle.  
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Figure 27:  Micrographs of thin section of Core CP-2 from the base of the Generator Unit #6. Photos show andesite 
gravel coarse aggregate particles having characteristic volcanic (porphyritic) texture consisting of plagioclase and 
pyroxene phenocrysts in a finer-grained groundmass of ferromagnesian minerals and glass. Top row photos show 
micro breccia having fine-grained angular volcaniclastic clasts in a fine-grained matrix. Notice the boundary 
between carbonated and non-carbonated paste in the bottom row photos where carbonated paste at the top shows 
fine-grained calcium carbonate paste whereas non-carbonated paste at the bottom half shows calcium hydroxide 
crystals from Portland cement hydration.  
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Figure 28:  Micrographs of thin section of Core CP-2 from the base of the Generator Unit #6 showing andesite gravel 
coarse aggregate particles having characteristic porphyritic textures consisting of phenocrysts of plagioclase crystals, 
often mixed with pyroxene and amphibole in a finer-grained groundmass of crystallites and glass. 
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Figure 29:  Micrographs of thin section of Core CP-2 from the base of the Generator Unit #6 showing an andesite 
gravel coarse aggregate having zoned and twinned plagioclase phenocrysts in a darker glassy groundmass. 
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COARSE AGGREGATES 

Coarse aggregates are compositionally similar lightly crushed gravels of andesite, basaltic andesite, and basaltic 

breccias, which are the prevalent island arc volcanic rocks of the region, formed due to subduction of North 

American plate beneath the Caribbean plate. Particles are 3/4 in. (19 mm) in nominal maximum sizes, very dense 

and hard, variably colored, subangular to well-rounded depending on the degree of crushing of gravel, medium to 

fine-grained, crystalline, and showing typical porphyritic textures of volcanic rocks having coarsely grained crystals 

(phenocrysts) of plagioclase (sometimes along with subordinate pyroxene and amphibole) in a finer-grained 

groundmass of crystallites of mafic minerals and volcanic glass. Particles are well-distributed throughout the lengths 

of the cores and well-graded. There is no evidence of any potentially deleterious physical or chemical deterioration 

of coarse aggregate particles found in the cores during service. There is no evidence of any fracturing or cracking 

of aggregates found due to the reported incident of earthquake.   

FINE AGGREGATES 

Fine aggregates are compositionally similar natural siliceous sands in both cores having nominal maximum sizes of 
3/8 in. (9.5 mm) containing major amounts of quartz and quartzite, and subordinate amounts of argillaceous rocks 

(e.g., shale) and finer fractions of volcanic rocks and minerals from coarse aggregate.  Particles are subangular to 

rounded, variable dense, variably colored from light to medium gray, well-graded and well-distributed. There is no 

evidence of alkali-aggregate reaction of fine aggregate particles.  Fine aggregate particles have been sound during 

their service.  

The following Table summarizes properties of coarse and fine aggregates determined from the cores: 

Properties and Compositions of 
Aggregates 

CP-1 From Unit #5 CP-2 From Unit #6 

Coarse Aggregates 

Types 
Compositionally similar lightly crushed gravels of andesite, basaltic 

andesite, and basaltic breccias 

Nominal maximum size (in.) 3/4 in. (19 mm) 3/4 in. (19 mm) 

Rock Types Andesite, basaltic andesite, and basaltic breccias 

Angularity, Density, Hardness, Color, 
Texture, Sphericity 

Very dense and hard, variably colored, subangular to well-rounded 
depending on the degree of crushing of gravel, medium to fine-grained, 
crystalline, and showing typical porphyritic textures of volcanic rocks 
having coarsely grained crystals (phenocrysts) of plagioclase in a finer-
grained groundmass of crystallites of mafic minerals and volcanic glass 

Cracking, Alteration, Coating Unaltered, uncoated, uncracked  

Grading & Distribution Particles are well-graded and well-distributed  

Soundness 
Sound; no evidence of any cracking or fracturing from the reported incident 

of earthquake 

Alkali-Aggregate Reactivity None None 
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Properties and Compositions of 
Aggregates 

CP-1 From Unit #5 CP-2 From Unit #6 

Fine Aggregates 

Types 
Natural siliceous sands and finer fractions of volcanic rocks and minerals 

from coarse aggregate 

Nominal maximum size 3/8 in. (9.5 mm) 3/8 in. (9.5 mm) 

Rock Types 
Major amounts of quartz and quartzite, and subordinate amounts of 

argillaceous rocks (e.g., shale) and finer fractions of volcanic rocks and 
minerals from coarse aggregate 

Cracking, Alteration, Coating 
Subangular to rounded, variably dense, variably colored from light to 

medium gray, equidimensional to elongated 

Grading & Distribution Well-graded and Well-distributed 

Soundness 
Sound; no evidence of any cracking or fracturing from the reported incident 

of earthquake 

Alkali-Aggregate Reactivity None None 
Table 2:  Properties of coarse and fine aggregates of concretes. 

PASTE 

Paste shows up to 25 mm deep zone of carbonation from the exposed end where a protective paint coat is present 

in Core CP-1 from Unit #5 and up to 10 mm zone of carbonation in Core CP-2 from Unit #6, which also has a 

protective beige paint coat. Beyond the carbonated zone paste shows some patchy carbonation in an intermediate 

zone for another 10 to 20 mm before interior non-carbonated concrete is encountered.  

The surface region, especially the carbonated zones show fine, hair-line vertical and random shrinkage microcracks 

where carbonation extended deeper along the vertical microcracks than elsewhere. These near-surface microcracks 

are judged to have formed from normal drying (and/or thermal) shrinkage of mass concrete prior to the reported 

event of earthquake. Deeper carbonation and V-shaped carbonated zones along these vertical microcracks indicate 

migration of carbon dioxide from air through those microcracks during service prior to the recent January earthquake.   

Carbonated zone shows porous, fine-grained microstructure of paste having many carbonate minerals. By contrast 

the non-carbonated interior paste shows calcium hydroxide crystals from Portland cement hydration. Paste in the 

surface carbonated zone is discolored to beige tone as opposed to normal gray color tone of interior Portland cement 

paste.   Pastes beyond the carbonated zone show normal gray color tone throughout the rest of the core lengths.  

Freshly fractured surfaces of paste in the interior concretes have subtranslucent vitreous lusters and subconchoidal 

textures.  Residual and relict Portland cement particles are present in the interior bodies and estimated to constitute 

6 to 8 percent of the paste volume.  Hydration of Portland cement is judged to be normal.  
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Properties and Compositions of Paste CP-1 From Unit #5 CP-2 From Unit #6 

Color, Hardness, Porosity, Luster 

Beige discoloration at the carbonated surface region to a depth of 25 mm in 
Core CP-1 and 10 mm in Core CP-2, beyond which paste shows normal 

light gray color tone of Portland cement; paste in interior concrete is dense, 
hard, gray, having subtranslucent vitreous lusters and subconchoidal 

textures 

Residual Portland Cement Particles Normal, 6 to 8 percent by paste volume in the sound interior concretes 

Calcium hydroxide from cement 
hydration 

Normal, 10 to 14 percent by paste volume in the sound interior concretes, 
a reduction in amount of calcium hydroxide is noted in the carbonated 

zones due to consumption by atmospheric carbon dioxide  

Pozzolans, Slag, etc. None 

Water-cementitious materials ratio 
(w/cm), estimated 

0.45 to 0.50, uniform throughout the sound interior bodies of cores 

Cementitious materials contents, 
estimated (equivalent to bags of 
Portland cement per cubic yard) 

7 to 71/2  7 to 71/2 

Secondary Deposits 
None in the sound interior concretes, secondary calcium carbonate in the 

carbonated zones of pastes 

Depth of Carbonation, mm 
Up to 25 mm (deeper along fine hair-line vertical shrinkage microcracks at 
the surface) in Core CP-1 from Unit #5 and up to 10 mm in Core CP-2 from 

Unit #6 
Microcracking in the fire-exposed 
side 

Microcracking at the exposed surface 
region but none in the interior  

Microcracking at the exposed surface 
region but none in the interior 

Aggregate-paste Bond Tight in the sound interior concretes 

Bleeding, Tempering None 

Chemical deterioration  None in the interior concretes 
Table 3:  Properties and composition of hardened cement pastes. 

AIR 

Air occurs as a few coarse, near-spherical and irregularly shaped voids having sizes greater than 1 mm, which are 

characteristic of entrapped air.  Concretes in both cores are non-air-entrained where estimated air contents and air-

void systems of cores are provided in the Table below.  

Air  CP-1 From Unit #5 CP-2 From Unit #6 

Estimated Air Content 1 to 2 percent 1 to 2 percent 

Air Entrainment Non-air-entrained Non-air-entrained 

Air-Void System Poor Poor 

Micrographs showing air void 
systems 

Figures 13 and 14 Figures 15 and 16 

Table 4:  Air contents and air entrainments in the cores. 
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CHEMICAL ANALYSES 

Table 3 summarizes results of water-soluble chloride, nitrate, and sulfate contents of concrete extracted from the 

top, mid-depth, and bottom locations of cores and measured by ion chromatography.   

Sample ID Location 

Percent by weight of concrete of water-soluble anions from Ion 
Chromatography 

Chloride Nitrate Sulfate 

Core CP-1 
from Unit #5 

Top 0.486 0.003 1.314 

Middle 0.539 0.002 0.394 

Bottom 0.214 0.002 0.362 

Core CP-2 
from Unit #6 

Top 0.017 0.004 0.298 

Middle 0.004 0.001 0.306 

Bottom 0.003 0.001 0.288 

Table 5: Water-soluble anions from the top, mid-depth, and bottom locations of cores determined from ion 
chromatography.  

Chloride contents from three depths are noticeably higher in Core CP-1 from Unit #5 as opposed to negligible 

chloride detected at all three depths in Core CP-2 from Unit #6. This indicates a clear interaction of concrete with 

high chloride in the marine environment at the location of Core CP-1 as opposed to minimal or no penetration of 

chloride from the environment at the location of Core CP-2 from Unit #6.  

Except for the surface region of Core CP-1, sulfate contents are more or less similar in all depths in both cores 

indicating contribution from Portland cement component of concrete. Sulfate content at the exposed end of Core 

CP-1 in Unit #5 indicates an ingress from the external environment, which is consistent with ingress of chloride at 

this core location. Clearly, concrete at the location of Core CP-1 is more affected by penetration of elements from 

the marine environment than the concrete at the location of Core CP-2 in Unit #6. However, none of these elemental 

migrations has created any chemical deterioration of concrete in Core CP-1, at least to be detected in the present 

study.   

There is no effect of the reported January earthquake at the generator bases to trigger higher penetration of chemicals 

from the environment into the concrete through the preexisting or newly formed cracks, at least during the course 

of this study.  
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Figure 30: Water-soluble anions from the top, mid-depth, and bottom ends of Core CP-1 measured by ion 
chromatography.   
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Figure 31: Water-soluble anions from the top, mid-depth, and bottom ends of Core CP-2 measured by ion 
chromatography.   
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Figure 32: Water-soluble anions from the top, mid-depth, and bottom ends of both cores where three depths in each 
core are superposed.   
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DISCUSSIONS 

Field photographs of two mass concrete power plant generator bases in Costa Sur Plant show spalling and cracking 

of various magnitudes due to the recent January 2020 earthquake of magnitude 6.0 to 6.4. As a result, two concrete 

cores, CP-1 and CP-2 were provided from the bases of generator Units #5 and 6, respectively, to investigate potential 

damaging effect of earthquake in the concrete at the locations of these cores.  

Based on detailed petrographic examinations, concrete in both cores are found to be compositionally similar and 

made using: (a) lightly crushed volcanic gravel coarse aggregate having a nominal maximum size of ¾ in. (19 mm) 

and containing volcanic andesite, basaltic andesite, and basaltic breccia, (b) natural siliceous sand and finer fraction 

of volcanic rocks and minerals in fine aggregate, (c) Portland cement paste having cement contents estimated to be 

7 to 71/2 bags per cubic yard and water-cement ratios estimated to be 0.45 to 0.50, depths of carbonation are 

measured to be maximum 25 mm in Core CP-1 and 10 mm in Core CP-2 where carbonation has extended to deeper 

regions (forming V-shaped carbonated zone) along the vertical hair-line surface microcracks formed from normal 

drying (and/or thermal) shrinkage of a mass concrete during service unrelated to the recent earthquake, and (d) air 

contents estimated to be 1 to 2 percent in the non-air-entrained concretes. Concretes in the interiors of both cores 

(i.e., beyond the surface microcracks to depths of about an inch), are free of any visible cracks let alone to form 

from the recent earthquake. Both cores, however, were each received in two broken pieces due to a central crack 

in each, which may represent a pre-existing crack, or a crack formed from recent earthquake, or may also have 

formed during the coring operations. Irrespective of the mode of formation of those major cracks that broke each 

core into two unequal portions, the concrete per se shows no evidence of any potentially deleterious chemical or 

physical deterioration to form those cracks. Concrete in the interior of mass concrete columns at the bases of both 

generators are apparently found the be in sound crack-free condition at least in the portions of two cores examined 

in this present study.  
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✪ ✪ ✪ END OF TEXT ✪ ✪ ✪ 

The above conclusions are based solely on the information and samples provided at the time of this investigation.  The conclusion may expand 
or modify upon receipt of further information, field evidence, or samples. Samples will be returned after submission of the report as requested.  
All reports are the confidential property of clients, and information contained herein may not be published or reproduced pending our written 
approval. Neither CMC nor its employees assume any obligation or liability for damages, including, but not limited to, consequential damages 
arising out of, or, in conjunction with the use, or inability to use this resulting information. 
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1 The CMC logo is made using a lapped polished section of a 1930’s concrete from an underground tunnel in the 
U.S. Capitol. 


