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EXECUTIVE SUMMARY 

The present study involves investigation of reported lower-than-anticipated compressive strengths of 90 to 110 ft. deep 
cast-in-place grout piles from the Allen Tower located in Houston, Texas that were placed on April 13 and 16 of 2020. 
A grout mix having a 28-day design strength of 6550 psi has reportedly produced 56-day cylinder strengths in the range 
of 4000 to 6000 psi, i.e. 60 to 90 percent of design strength even at 56 days. Additionally, strength testing of field grout 
samples showed lower-than-design strengths of about 40 out of 820 Auger cast piles where strength variations were 
reportedly inconsistent.  

Two separate mix designs of grout were provided, of which one design having ‘no air’ was reportedly specified for the 
grouts in question. One design (Mix #1) identified as AU6500, dated 12/31/19, was specified for a 28-day compressive 
strength of 6550 psi, 3 to 6 percent air, and 6 to 8 inch slump - from use of 978 pounds of Portland cement, 244 pounds 
of fly ash (i.e., 20 percent by weight of total cementitious components), 1759 pounds of sand, 550 pounds of water (for 
a water-cementitious materials ratio of 0.45), 6.1 oz of air-entraining agent, 49 oz of water-reducing admixture and 98 
oz of high-range water reducer.  The second mix (Mix #2), identified as AU6550, dated 1/3/20, was specified for a 28-
day compressive strength of 6550 psi, no air, and 6 to 8 inch slump from use of 1015 pounds of Portland cement, 113 
pounds of fly ash (i.e., 10 percent by weight of total cementitious components), 1970 pounds of sand, 508 pounds of 
water (for a water-cementitious materials ratio of 0.45), 5.6 oz of air-entraining agent (despite calling for no target air), 
34 oz of water-reducing admixture and 90 oz of high-range water reducer. Two main differences between these two 
mix designs are in: (a) target air contents, which changed from 3 to 6 percent air in Dec 2019 design to no air in Jan 
2020 design; and, (b) reduction in fly ash content by half of total cementitious contents, from 20% in Dec 2019 design 
to 10% in Jan 2020 design.  

Two hardened grout cores identified as Core #1 from P466 and Core #5 from P454 were provided for detailed 
laboratory studies. The grout cores were examined by detailed petrographic examinations according to the procedures 
of ASTM C 856, including extensive optical microscopy according to the procedures of ASTM C 856, which were 
followed by subsequent X-ray diffraction (XRD), and X-ray fluorescence (XRF) studies. The purpose of doing XRD and 
XRF of grouts beyond optical microscopy are to investigate potential presence of any mineralogical and/or chemical 
constituents in grouts that might have affected the reported strength variations.   

Based on detailed petrographic examinations, the basic ingredients of both grout cores are found to be compositionally 
similar, with some major differences between the two that are described below.  

First, amongst the similarities, both grout cores are made using compositionally similar natural siliceous sand aggregates 
containing: (a) major amounts of quartz and quartzite particles, and, (b) subordinate amounts of ferruginous (sometimes 
with dolomitic) chert particles where the former quartz-quartzite component is present as clear, off-white to light gray, 
subangular to subrounded, dense, hard, well-graded and well-distributed particles, whereas ferruginous chert particles 
are present in characteristic light to dark brown color tones from ferruginous impurities, subrounded to well-rounded 
(similar to finer sand-sized fractions of chert gravel), dense, hard, well-graded, and well-distributed. The ferruginous 
chert particles may represent the original constituents of the sand used, or, might have been added separately into the 
quartz-quartzite silica sand. Image analyses of scanned light-transparent thin sections of grouts after highlighting all 
ferruginous chert particles in the sections showed a similar chert content in both grouts, which is estimated to be 5.8 
percent of total volume of concrete, which considering 55 percent sand by weight of total solid components of mix, and 
2.52 specific gravity of chert, corresponds to 8 percent chert by mass of concrete. This calculated chert content is higher 
than the ASTM C 33 recommended maximum allowable chert content of 3 percent by mass for a concrete exposed to 
moderate or severe weather regimes. The quartzite particles in the sand show undulose extinctions from stresses and 
deformations in quartz crystal structures, which make these particles vulnerable to potentially deleterious alkali-silica 
aggregate reactions when used in a concrete in the presence of high alkalis and moisture. The fine-grained 
microcrystalline to cryptocrystalline silica in ferruginous chert particles are also known to be potentially alkali-silica 
reactive in the presence of moisture and high alkalis during service. Many sand and gravel aggregates from Houston 
commonly contain such potentially reactive chert and quartzite gravel and sand particles, and still have been 
successfully incorporated in concrete with many protective measures. Therefore, a careful use of such reactive particles 
are necessary, e.g., a prior laboratory test of potential alkali-silica reactivity of such particles in concrete from 
accelerated alkali-silica reactivity tests (e.g., ASTM C 1260 or C 1293), use of supplementary cementitious materials to 
dilute the reactive alkali contributions from cementitious components, densifications of concrete by well consolidation, 
and use of a low water-cementitious materials ratio mix, etc. are a few such measures. 
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Petrographic examinations of both grout cores show use of many such preventative measures, e.g., first use of fly ash as 
a supplementary cementitious material in both mixes to reduce the Portland cement content, even when (especially 
when) the mix designs called for use of as high as 13 bags of total cementitious materials per cubic yard of concrete. 
Dosages of fly ash varied from 10 to 20 percent by weight of total cementitious materials, which was effective in 
reducing the contributions of reactive alkalis in pore solutions of grout to prevent potentially deleterious participations 
of reactive chert and quartzite particles from sand. Additionally, the estimated water-cementitious materials ratios of 
both grout cores are found to be well within the reported design value of 0.45. As a result of such protective measures, 
petrographic examinations did not find any evidence of potential reactivity of chert or strained quartzite particles in 
sand. Besides, considering placement of piles only in April of this year, potential for initiation of such reactions in the 
field is still in its infancy.  

Second similarity of both grout cores is use of major amounts of Portland cement and subordinate amounts of fly ash in 
both, which is in conformance to the reported mix designs. The difference, however, is in the estimated fly ash contents, 
which, from the amount of residual fly ash particles in the paste of grout Core 1 is found to be approximately 15 to 20 
percent by mass of total cementitious components, which is similar to the reported 20 percent dosage of fly ash in Mix 1 
dated Dec. 2019. Fly ash content in Core 2 is found to be less (from lesser amount of residual fly ash spheres in paste in 
Core 2) than the amount found in Core 1, which is more similar to the reported 10 percent dosage of fly ash in Mix 2 
dated Jan. 2020. Such difference in fly ash contents between two grout cores, however, may represent a difference in 
the original fly ash contents in those grouts, and/or difference in degree of pozzolanic reactions of similar fly ash types 
and contents in the grouts where advanced pozzolanic reaction in Grout 2 would be responsible for lower residual fly 
ash content in the paste. If it is due to a difference in the original fly ash contents, then Core 1 is more similar to the Mix 
1’s fly ash content, whereas Core 2 is similar to Mix 2’s fly ash content.  

Both XRD and XRF studies show overall similarities in basic mineralogical and chemical compositions of grout cores. 
Both cores showed quartz as the dominant mineral from silica sand and minor portlandite and calcite from paste. Both 
cores showed similar oxide compositions in XRF. No difference in mineralogy or chemistry are found to indicate any 
potentially deleterious reactions in a grout to affect the strength and performance.  

The main difference between the two grout cores is in their air contents and in the types of air-void systems, which, 
again, show a similarity of Core 1 to Mix 1 where the mix is reported to have air entrainment with a range of 3 to 6 
percent air, whereas Core 2 is similar to Mix 2 with no reported air. Petrographic examinations and image analyses of 
numerous micrographs of thin sections of grouts showed estimated 6 percent total air in Core 1, whereas 3 percent air 
in Core 2. The main difference beside the absolute air content is in the presence of air entrainment as numerous fine, 
discrete, spherical and near-spherical entrained air voids of sizes 1 mm or less in Core 1, which were judged 
intentionally introduced to improve the properties of grout in fresh (e.g., workability) and hardened (e.g., durability) 
states, whereas absence of such intentionally introduced spherical entrained air bubbles in Core 2, where air mostly 
occurs as coarse, near-spherical and irregularly-shaped entrapped voids, which were formed from the construction 
processes (e.g., pumping). Such almost 3 percent variations in total air contents between two grouts, at a given 
workability, can introduce as much as 15 percent variations in compressive strengths of grouts. Therefore, grout piles 
placed according to the air-entrained Mix #1 design will produce lower compressive strengths at a given workability 
than grout piles placed according to the non-air-entrained Mix #2 unless such air-induced variations of strength are 
compensated by concomitant variations in water-cementitious materials ratios and other factors that are beneficial to 
strengths. Based on clear difference in total air contents and air-void systems in two grout cores, the reported 
inconsistencies in strength results are determined to be due to such internal variations in air contents.  

In summary, based on detailed petrographic examinations of two grout cores, the main reason for the reported strength 
variations between piles is found to be due to the total air contents and air-void systems in grouts where high air 
contents and presence of air entrainments have systematically produced lower compressive strengths than the piles 
lacking air entrainment except a few coarse entrapped voids formed from the pumping process. Other than air, except 
perhaps a variation in fly ash contents, there is no other evidence found in the two cores to explain the reported strength 
variations.  There are no variations in the degree of hydration of cement particles or any unusual features in cement 
hydrations in two grout cores to interfere with strength development. There is no evidence of any potentially deleterious 
chemical or physical reactions of grouts or components found to interfere with the strength developments.  
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INTRODUCTION 

Reported herein are the results of detailed petrographic examinations of two hardened grout cores to investigate 

lower-than-design compressive strengths of 90 to 110 ft. deep cast-in-place grout piles from the Allen Tower 

located in Houston, Texas that were placed on April 13 and 16 of 2020. A grout mix having a 28-day design 

strength of 6550 psi has reportedly produced 56-day cylinder strengths in the range of 4000 to 6000 psi, i.e. 60 to 

90 percent of design strength even at 56 days. Additionally, strength testing of field grout samples showed lower-

than-design strengths of about 40 out of 820 Auger cast piles where strength variations were reportedly 

inconsistent.  

BACKGROUND INFORMATION 

Two separate mix designs of grout were provided (Figures 1 and 2), of which one design having ‘no air’ was 

reportedly specified for the grouts in question. One design (Mix #1 in Figure 1) identified as AU6500, dated 

12/31/19, was specified for a 28-day compressive strength of 6550 psi, 3 to 6 percent air, and 6 to 8 inches slump 

- from use of 978 pounds of Portland cement, 244 pounds of fly ash (i.e., 20 percent by weight of total 

cementitious components), 1759 pounds of sand, 550 pounds of water (for a water-cementitious materials ratio of 

0.45), 6.1 oz of air-entraining agent, 49 oz of water-reducing admixture, and 98 oz of high-range water reducer.  

The second mix (Mix #2 in Figure 2), identified as AU6550, dated 1/3/20, was specified for a 28-day compressive 

strength of 6550 psi, no air, and 6 to 8 inches slump from use of 1015 pounds of Portland cement, 113 pounds of 

fly ash (i.e., 10 percent by weight of total cementitious components), 1970 pounds of sand, 508 pounds of water 

(for a water-cementitious materials ratio of 0.45), 5.6 oz of air entraining agent (despite calling for no target air), 

34 oz of water-reducing admixture and 90 oz of high-range water reducer. Two main differences between these 

two mix designs are in: (a) target air contents, which changed from 3 to 6 percent air in Dec 2019 design to no air 

in Jan 2020 design; and, (b) reduction in fly ash content by half of total cementitious contents, from 20% in Dec 

2019 design to 10% in Jan 2020 design. 

PURPOSE OF PRESENT INVESTIGATION  

Based on the background information, the purposes of the present investigation are to determine:  

a. Compositions, qualities, and overall conditions of the grout cores received; and, 

b. Chemical, mineralogical, and microstructural features of grouts to investigate any potential for reducing 

compressive strengths of grout starting with: (i) evaluations of grout materials (sand, cement), (ii) mix 

proportions (water-cementitious materials ratios, sand-binder ratios, air contents, etc.), and (iii) evaluating 

effects of construction practices (pumping, consolidation, etc.) on the properties of grout.   
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MIX DESIGNS OF PILE GROUTS 

Figure 1: One of 
the two mix 
designs of grout 
received, 
identified as 
AU6500, dated 
12/31/19, which 
showed a 28-day 
compressive 
strength of 6550 
psi, 3 to 6 percent 
air, and 6 to 8 
inch slump from 
use of 978 
pounds of 
Portland cement, 
244 pounds of fly 
ash (20 percent 
by weight of total 
cementitious 
components), 
1759 pounds of 
sand, 550 pounds 
of water (for a 
water-
cementitious 
materials ratio of 
0.45), 6.1 oz of 
air-entraining 
agent, 49 oz of 
water-reducing 
admixture and 98 
oz of high-range 
water reducer. 
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Figure 2:  The second mix 
design of grout received, 
identified as AU6550, dated 
1/3/20, which showed a 28-
day compressive strength of 
6550 psi, no air, and 6 to 8 
inches slump from use of 
1015 pounds of Portland 
cement, 113 pounds of fly 
ash (10 percent by weight of 
total cementitious 
components), 1970 pounds 
of sand, 508 pounds of 
water (for a water-
cementitious materials ratio 
of 0.45), 5.6 oz of air-
entraining agent (despite 
calling for no target air), 34 
oz of water-reducing 
admixture and 90 oz of 
high-range water reducer.    

 

 

 

 

 

 

 

 

 

Two main differences between these two mix designs are in: 

(a) Target air contents which changed from 3 to 6 percent air in Dec 2019 design to no air in Jan 2020 design; 

and, 

(b) Reduction in fly ash content by half of total cementitious contents, from 20% in Dec 2019 design to 10% in 

Jan 2020 design.  
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Figure 3: Optical microscopy laboratory in CMC that houses various 
stereo-microscopes, and petrographic microscopes used in this study.  

METHODOLOGIES 

PETROGRAPHIC EXAMINATIONS 

The samples were examined by petrographic examinations by following the methods of ASTM C 856 “Standard 
Practice for Petrographic Examination of Hardened Concrete.” Details of petrographic examinations and sample 
preparation are described in Jana (1997a, b, 2001, 2004a, b, 2005a, b, 2006, 2007).  
The steps of petrographic examinations include (Jana 2006):  

i. Visual examinations of 
samples, as received;  

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 composition; 

iii. Low-power stereo 
microscopical examinations 
of air contents and air-void 
systems of grout in the 
samples; 

iv. Examinations of oil 
immersion mounts in a 
petrographic microscope for 
mineralogical compositions 
of specific areas of interest; 

v. Examinations of blue dye-
mixed (to highlight open 
spaces, cracks, etc.) epoxy-
impregnated large area (50 
mm ´ 75 mm) thin sections of grout in a petrographic microscope for detailed compositional and 
microstructural analyses; 

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

vii. Photomicrographs of lapped sections and thin sections of samples taken with stereomicroscope and 
petrographic microscope, respectively to provide detailed compositional and mineralogical information of 
concrete.  

The main purposes of optical microscopy are characterization of: (a) aggregates, e.g., type(s), chemical and 
mineralogical compositions, nominal maximum size, shape, angularity, grain-size distribution, soundness, alkali-
aggregate reactivity, etc. (b) paste, e.g., compositions and microstructures to diagnose various type(s) of binder(s) 
used, (c) air, e.g., presence or absence of air entrainment, air content, etc., (d) alterations, e.g., lime leaching, 
carbonation, staining, etc. due to interactions with the environmental agents during service, and effects of such 
alterations on properties and performance; and (e) deteriorations, e.g., chemical and/or physical deteriorations 
during service, cracking from various mechanisms, salt attacks, possible reasons for the lack of bond if reported, 
etc. Portions selected from preliminary examinations for microscopy are sectioned, polished, and thin-sectioned 
(down to 25-30 micron thickness) preferably after encapsulating and impregnating with a dyed-epoxy to improve 
the overall integrity of the sample during precision sectioning and grinding, and to highlight porous areas, voids, 
and cracks.  Prepared sections are then examined in a high-power (up to 100X) Stereozoom microscope having 
reflected and transmitted-light, and plane and crossed polarized-light facilities, and eventually in a high-power 
(up to 600X) petrographic microscope equipped with transmitted, reflected, polarized, and fluorescent-light 
facilities. Capturing high-resolution photomicrographs from these microscopes via digital microscope cameras 
with image analyses software are an integral part of documentations during petrographic examinations.  
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Figure 4: Siemens D5000 X-ray diffractometer in CMC that is 
connected to PC through MDI Datascan to collect diffraction 
data. XRD results are analyzed with MDI Jade software with 
search-match, easy quant, and Rietveld modules. The bottom 
row shows sample preparation for XRD where a Sepor Ring 
pulverizer (2nd from left) followed by McCrone micronizing 
mill (leftmost one) pulverized the sample to finer than 45-
micron size. The pulverized sample is mixed with an 
appropriate binder and pressed in a 25-ton Spex press to form 
a 32-mm diameter pellet. Small amount of sample (i.e. not 
enough to prepare a pellet) is pulverized and spread over a 
quartz plate coated with a thin film of Vaseline. 

X-RAY DIFFRACTION (XRD) 

X-ray diffraction (XRD) is a powerful method for: (a) determination of bulk mineralogical composition of sample, 
including its aggregate and binder mineralogies; (b) primary mineralogies and alteration products of aggregates 
and binder phases; (c) detection of any potentially deleterious constituents, e.g., deleterious salts, or efflorescence 
deposits; and (e) detection of components 
that are difficult to detect by microscopical 
methods.  

For sample preparation, a Rocklab (Sepor 
Mini-Thor Ring) pulverizer is used to grind 
sample down to finer than 100 microns. 
Usually, a few drops of anhydrous alcohol 
are added to reduce decomposition of 
hydrous phases from the heat generated 
from grinding. Approximately 10 grams of 
sample is ground first in the pulverizer, 
from which about 8.0 grams of sample is 
selected, mixed with an appropriate binder 
(e.g., three Herzog grinding aid pellets 
from Oxford Instruments having a total 
binder weight of 0.6 gram for 8 grams of 
sample for a fixed binder proportion of 7.5 
percent); the mixture is then further ground 
in Rocklab pulverizer and in a McCrone 
micronizing mill with anhydrous alcohol 
down to finer than 45-micron size. 
Approximately 7.0 grams of binder-mixed 
pulverized sample thus prepared is 

weighed into an aluminum sample cup and 
inserted in a stainless steel die press to 
prepare the sample pellet. A 25-ton Spex X-
press is used to prepare 32 mm diameter 
pellet from the pulverized sample. The 
pressed pellet is then placed in a custom-
made circular sample holder for XRD and 
excited with the copper radiation of 1.54 
angstroms. Sample holders made with 
quartz or silicon are best for working with 
very small quantities of sample because 
these holders create no diffraction peaks 
between 2° and 90° 2q.  

XRD is carried out in a Siemens D5000 Powder diffractometer (q-2q goniometer) employing a long line focus Cu 
X-ray tube, divergent and anti-scatter slits fixed at 1 mm, a receiving slit (0.6 mm), diffracted and incident beam 
Soller slits (0.04 rad), a curved graphite diffracted beam monochromator, and a sealed proportional counter. 
Siemens D5000 is equipped with (a) a horizontal stage (fixed), (b) an X-ray generator with CuKα, fine focus sealed 
tube source, (c) large diameter goniometer (600 mm), low divergence collimator, and Soller slits, (d) fixed detector 
slits 0.05, 0.2, 0.6, 1.0, 2.0, and 6.0, and (e) Scintillation detector. Generator settings used are 40 kV and 30 mA. 
Tests are usually run at 2q from 4° to 64° with a step scan of 0.02° and a dwell time of one second. The resulting 
diffraction patterns are collected by DataScan 4 software of Materials Data, Inc. (MDI), analyzed by Jade software 
of MDI with ICDD PDF-4 (Minerals 2019) diffraction data. Phase identification, and quantitative analyses were 
carried out with MDI’s Search/Match, Easy Quant, and Rietveld modules, respectively. 
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X-RAY FLUORESCENCE SPECTROSCOPY (XRF) 

X-ray fluorescence (XRF) is used for determining: (a) major element oxide composition of sample, and (b) 
presence and amount of potentially deleterious constituents in the sample. A series of standards from Portland 
cements, lime, gypsum, to various rocks of certified compositions (e.g., from USGS, GSA, NIST, CCRL, Brammer, 
or measured by ICP) are used to calibrate the instrument for various oxides, and empirical calculations are done 
from such calibrations to determine oxide compositions of samples.   

An energy-dispersive bench-top X-ray fluorescence unit from Rigaku Americas Corporation (NEX-CG) is used. 
Rigaku NEX CG delivers rapid qualitative and quantitative determination of major and minor atomic elements in a 
wide variety of sample types with minimal standards. Unlike conventional EDXRF analyzers, the NEX CG was 
engineered with a unique close-coupled Cartesian Geometry (CG) optical kernel that dramatically increases 
signal-to-noise. By using monochromatic secondary target excitation, instead of conventional direct excitation, 
sensitivity is further improved. The resulting dramatic reduction in background noise, and simultaneous increase 
in element peaks, result in a spectrometer capable of routine trace element analysis even in difficult sample types. 
The instrument is calibrated by using various certified (CCRL, NIST, GSA, and Brammer) reference standards of 
cements and rocks. The same pellet used for XRD for mineralogical compositions is used for XRF to determine the 
chemical composition. 

 
Figure 5: Rigaku NEX-CG in CMC, which can perform analyses of up to 9 pressed pellets or fused beads of sample. 
Samples are prepared either as pressed pellet or can also accommodate fused bead with proper calibrate of 
standard beads. 
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SAMPLES 

PHOTOGRAPHS, IDENTIFICATION, INTEGRITY, AND DIMENSIONS 

Figures 6 and 7, and Table 1 provide the overall dimensions and conditions of the grout cores received. Figures 8 

through 11 show multiple parallel lapped cross sections of grout cores to reveal detailed internal features of cores. 

Core ID Diameter Length End Surfaces Distress/Condition 

#1 with 
marking 
19-2086, 

P466 

23/4 in.  
(70 mm) 

61/4 in.  
(160 mm) 

Saw-cut and  
Fresh Fractured 

No visible cracks or distress;  
Dense and Well-consolidated; 
Uniform appearance 

#5 with 
marking 
19-2086, 

P454 

23/4 in.  
(70 mm) 

93/4 in.  
(250 mm) 

Saw-cut and  
Fresh Fractured 

No visible cracks or distress;  
Dense and Well-consolidated; 
Uniform appearance 

Table 1:  Overall dimensions and conditions of the grout cores received for laboratory examinations.  

END SURFACES 

Both cores showed saw-cut and fractured opposite end surfaces as seen in Figures 6 and 7. 

CRACKING & OTHER VISIBLE DISTRESS, IF ANY 

Neither of the cores showed any visible cracking or large voids on the side cylindrical surfaces (Figures 6 and 7). 

EMBEDDED ITEMS 

No wire mesh, reinforcing steel, fiber or other embedded items are found in the cores.  

RESONANCE 

The cores have a ringing resonance, when hammered. 

TESTING STRATEGY 

The cores were first examined in detail in as received condition and photographed with a digital camera. 

Preliminary examinations were followed by sectioning of cores in multiple longitudinal sections to obtain full-

length slices of grout so that the internal structures of cores can be revealed. One such longitudinal slice of grout 

was then lapped on a rotating iron lapping wheel with various successively finer metal and resin-bonded diamond 

abrasives with water as coolant. A separate slice was used for preparing blue dye-mixed epoxy-impregnated thin 

section of grout. Remaining pieces were used for pulverization for XRD and XRF studies.  
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Figure 6:  Core from Pile 
Grout #1 with marking 
19-2086, P466, as 
received showing the 
longitudinal cylindrical 
surface and two 
opposite ends.   

The core is 61/4 in. (160 
mm) long and 23/4 in. 
(70 mm) in diameter. 
One end is saw-cut, the 
other end is fresh 
fractured. The core was 
received in intact 
condition without any 
visible distress.  
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Figure 7:  Core from Pile 
Grout #5 with marking 
19-2086, P454, as 
received showing the 
longitudinal cylindrical 
surface and two 
opposite ends.   

The core is 93/4 in. (250 
mm) long and 23/4 in. 
(70 mm) in diameter. 
One end is saw-cut, the 
other end is fresh 
fractured. The core was 
received in intact 
condition without any 
visible distress.  
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LABORATORY STUDIES 

LAPPED CROSS SECTIONS 

Figure 8: Lapped cross section of 
Grout Core 1 showing:  

(a) Dense, light to dark brown 
chert particles in sand that are well-
graded, well-distributed, rounded to 
subrounded and represent the 
coarsest fractions of sand; 

 
(b) Clear, light to medium gray 

quartz-quartzite siliceous sand 
particles that are present in dominant 
amounts in sand, particles are well-
graded, well-distributed, subangular 
to subrounded, and present in sound 
condition; 

 
(c) A dense, hard, medium gray, 

low water-cementitious materials 
ratio paste filling the interstitial spaces 
between sand particles that is present 
in dense and well-consolidated 
condition within the grout body; and, 

 
(d) Lack of any visible cracking 

or any other distress in the core.  

  



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

Allen Tower, Houston, Texas 13 

 

 
Figure 9: A second lapped cross 
section of Grout Core 1 showing:  

(a) Dense, light to dark brown 
chert particles in sand that are well-
graded, well-distributed, rounded to 
sub rounded and represent the coarsest 
fractions of sand; 
 

(b) Clear, light to medium gray 
quartz-quartzite siliceous sand particles 
that are present in dominant amounts 
in sand, particles are well-graded, well-
distributed, subangular to subrounded, 
and present in sound condition; 
 

(c) A dense, hard, medium gray, 
low water-cementitious materials ratio 
paste filling the interstitial spaces 
between sand particles that is present 
in dense and well-consolidated 
condition within the grout body; and, 
 

(d) Lack of any visible cracking or 
any other distress in the core.  
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Figure 10: Lapped cross section of 
Grout Core 5 showing:  

(a) Dense, light to dark brown 
chert particles in sand that are well-
graded, well-distributed, rounded 
to subrounded and represent the 
coarsest fractions of sand; 
 

(b) Clear, light to medium gray 
quartz-quartzite siliceous sand 
particles that are present in 
dominant amounts in sand, 
particles are well-graded, well-
distributed, subangular to 
subrounded, and present in sound 
condition; 
 

(c) A dense, hard, medium 
gray, low water-cementitious 
materials ratio paste filling the 
interstitial spaces between sand 
particles that is present in dense 
and well-consolidated condition 
within the grout body; and, 
 

(d) Lack of any visible 
cracking or any other distress in the 
core.  
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Figure 11: A second lapped cross section 
of Grout Core 5 showing:  

(a) Dense, light to dark brown chert 
particles in sand that are well-graded, 
well-distributed, rounded to subrounded 
and represent the coarsest fractions of 
sand; 
 

(b) Clear, light to medium gray 
quartz-quartzite siliceous sand particles 
that are present in dominant amounts in 
sand, particles are well-graded, well-
distributed, subangular to subrounded, 
and present in sound condition; 
 

(c) A dense, hard, medium gray, 
low water-cementitious materials ratio 
paste filling the interstitial spaces 
between sand particles that is present in 
dense and well-consolidated condition 
within the grout body; and, 
 

(d) Lack of any visible cracking or 
any other distress in the core.  
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LACK OF CARBONATION ON FRESH FRACTURED SECTIONS  

 

Figure 12: Fresh fractured sections of grouts from Core 1 (left) and 5 (right) showing deep pink discoloration after 
treatment with phenolphthalein alcoholic solutions to indicate lack of carbonation of grout. A carbonated grout 
would have shown the original dark gray color tone of paste with no such pink discoloraiton.   
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MICROGRAPHS OF LAPPED CROSS SECTIONS 

 
Figure 13: Micrographs of lapped cross section of Grout 1 showing: (a) reddish-brown ferruginous chert and clear 
siliceous (quartz-quartzite) sand particles that are well-graded and well-distributed, (b) a dense paste of Portland 
cement and fly ash; and (c) an air-void system consisting of many spherical and near-spherical entrained air voids 
of sizes 1 mm or less that were formed due to addition of an air-entraining agent in the grout mix, and, a few 
coarse, near-spherical, and irregularly-shaped entrapped air voids of sizes 1 mm or more that are formed during 
the construction processes. Notice the overall dense and well-consolidated nature of grout. Scale bars are 1 mm. 
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Figure 14: Micrographs of lapped cross section of Grout 1 showing: (a) reddish-brown ferruginous chert and clear 
siliceous (quartz-quartzite) sand particles that are well-graded and well-distributed, (b) a dense paste of Portland 
cement and fly ash; and (c) an air-void system consisting of many spherical and near-spherical entrained air voids 
of sizes 1 mm or less that were formed due to addition of an air-entraining agent in the grout mix, and, a few 
coarse, near-spherical, and irregularly-shaped entrapped air voids of sizes 1 mm or more that are formed during 
the construction processes. Notice the overall dense and well-consolidated nature of grout. Scale bars are 1 mm. 
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Figure 15:  Micrographs of lapped cross section of Grout 5 showing: (a) reddish-brown ferruginous chert and clear 
siliceous (quartz-quartzite) sand particles that are well-graded and well-distributed, (b) a dense paste of Portland 
cement and fly ash; and (c) an air-void system consisting of a few coarse, near-spherical, and irregularly-shaped 
entrapped air voids of sizes 1 mm or more that were formed during the construction processes, and overall lack of 
spherical less than 1 mm size intentionally introduced entrained air bubbles that are found in Grout 1. Notice the 
overall dense and well-consolidated nature of grout. Scale bars are 1 mm. 
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Figure 16:  Micrographs of lapped cross section of Grout 5 showing: (a) reddish-brown ferruginous chert and clear 
siliceous (quartz-quartzite) sand particles that are well-graded and well-distributed, (b) a dense paste of Portland 
cement and fly ash; and (c) an air-void system consisting of a few coarse, near-spherical, and irregularly-shaped 
entrapped air voids of sizes 1 mm or more that were formed during the construction processes, and overall lack of 
spherical less than 1 mm size intentionally introduced entrained air bubbles that are found in Grout 1. Notice the 
overall dense and well-consolidated nature of grout. Scale bars are 1 mm. 
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Figure 17: Comparison of 
micrographs of lapped cross 
sections of two grout cores 
showing the presence of 
abundant spherical entrained 
air voids in Grout 1 at the top, 
whereas lack of so many 
spherical entrained air 
bubbles instead presence of 
near-spherical and irregular-
shaped entrapped air voids in 
Grout 5 in the bottom photo. 
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Figure 18: Comparison of 
micrographs of lapped cross 
sections of two grout cores 
showing the presence of 
abundant spherical 
entrained air voids in Grout 
1 at the top, whereas lack of 
so many spherical entrained 
air bubbles instead presence 
of near-spherical and 
irregular-shaped entrapped 
air voids in Grout 5 in the 
bottom photo. 
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Figure 19: Comparison of 
micrographs of lapped cross 
sections of two grout cores 
showing the presence of 
abundant spherical 
entrained air voids in Grout 
1 at the top, whereas lack of 
so many spherical entrained 
air bubbles instead presence 
of near-spherical and 
irregular-shaped entrapped 
air voids in Grout 5 in the 
bottom photo. 

  



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

Allen Tower, Houston, Texas 24 

 

 
Figure 20: Comparison of 
micrographs of lapped cross 
sections of two grout cores 
showing the presence of 
abundant spherical entrained 
air voids in Grout 1 at the 
top, whereas lack of so many 
spherical entrained air 
bubbles instead presence of 
near-spherical and irregular-
shaped entrapped air voids 
in Grout 5 in the bottom 
photo. 
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THIN SECTIONS 

 
Figure 21: Blue dye-mixed epoxy-impregnated thin sections of grout cores used for detailed petrographic 
examinations. The purpose of using a blue dye in a low-viscosity epoxy is to highlight all pore spaces, air voids, 
and any microcracks in grouts, where such features are highlighted by absorption of dye compared to dense 
regions in sound interior portions. Notice the overall presence of numerous very fine, less than 1 mm size 
entrained air voids in Grout 1 at left whereas the presence of many coarse near-spherical and irregular-shaped 
entrapped air voids in Grout 5 at right. The differences in air contents and air-void size and shape are obvious in 
two thin sections that were scanned on a flatbed scanner. Thin sections are approximately 30 micron (0.03 mm) 
in thickness and transparent to polarized-light. Boxed areas in both grouts are enlarged in the next two figures to 
highlight the air contents and difference in air-void systems of two grouts.  
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Figure 22: Enlarged 
view of the boxed 
area in Grout 1 Figure 
20 showing the 
presence of numerous 
fine, discrete, 
spherical and near-
spherical entrained air 
voids of sizes 1 mm or 
less that are formed 
due to intentional 
addition of an air-
entraining agent in the 
grout mix. Such fine 
spherical entrained air 
voids cannot form 
from the construction 
processes of pumping 
and consolidations.  
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Figure 23: Enlarged 
view of the boxed area 
in Grout 5 Figure 20 
showing the presence 
of many coarse, near-
spherical and irregular-
shaped entrapped air 
voids that are not 
present in such 
abundance in Grout 1, 
whereas absence of 
many fine spherical 
entrained air voids that 
are so common in 
Grout 1. The voids seen 
here are the result of 
construction practices 
such as pumping as 
opposed to intentional 
addition of entrained 
air voids found in Grout 
1.  
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Figure 24: Black and white 
contrast enhancement of air 
voids in thin section 
micrographs of two grouts 
prepared by Image analyses 
of thin section micrographs 
in ImageJ so that air 
contents in two grouts can 
be calculated.  

Such practice showed Grout 
1 has 6.1 percent total air 
(from air voids highlighted 
by blue dye and 
subsequently shown as 
black dots in right image), 
whereas for Grout 5 the 
total air content is 
calculated to be 3.2 percent. 
Such a difference of about 3 
percent air could introduce 
corresponding variations in 
compressive strengths of 
two grouts.  
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Figure 25: Black and 
white contrast 
enhancement of brown 
ferruginous chert particles 
in sand as seen in thin 
section micrographs of 
two grouts prepared by 
Image analyses of thin 
section micrographs in 
ImageJ so that ferruginous 
chert particles in two 
grouts can be calculated.  

Such practice showed 5.8 
percent chert in two 
grouts which are more or 
less similar in amounts in 
both grouts, well-graded, 
well-distributed, and 
present in subrounded to 
well-rounded, equant to 
elongated shapes.  
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MICROGRAPHS OF THIN SECTIONS OF GROUTS  

 
Figure 26: A mosaic of six micrographs of thin section of Grout 1 showing: (a) size, shape, angularity, sphericity, 
grading, and, distribution of brown ferruginous chert, and clear quartz-quartzite particles in the grout sand; (b) 
dense paste filling the interstitial spaces between sand particles, and (c) abundant spherical <1 mm size entrained 
air voids distributed throughout the grout that are judged to have been added by use of an air-entraining chemical, 
which was responsible for the properties of this grout in the fresh state (e.g., for slump, workability), and the 
hardened state (e.g., for compressive strength, and freeze-thaw durability). Scale bars are 1 mm. 
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Figure 27: A mosaic of six micrographs of thin section of Grout 1 showing: (a) size, shape, angularity, sphericity, 
grading, and, distribution of brown ferruginous chert, and clear quartz-quartzite particles in the grout sand; (b) 
dense paste filling the interstitial spaces between sand particles, and (c) abundant spherical <1 mm size entrained 
air voids distributed throughout the grout that are judged to have been added by use of an air-entraining chemical, 
which was responsible for the properties of this grout in the fresh state (e.g., for slump, workability), and the 
hardened state (e.g., for compressive strength, and freeze-thaw durability). Scale bars are 1 mm. 
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Figure 28: A mosaic of six micrographs of thin section of Grout 5 showing: (a) size, shape, angularity, sphericity, 
grading, and, distribution of brown ferruginous chert, and clear quartz-quartzite particles in the grout sand; (b) 
dense paste filling the interstitial spaces between sand particles, and (c) noticeably less spherical <1 mm size 
entrained-like and more coarse and irregular-shaped entrapped air voids than seen in Grout 1, distributed 
throughout the grout that are judged to have formed from the construction process and affected the properties of 
grout in the fresh state (e.g., for slump, workability), and the hardened state (e.g., for compressive strength, and 
freeze-thaw durability). Scale bars are 1 mm. 
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Figure 29: A mosaic of six micrographs of thin section of Grout 5 showing: (a) size, shape, angularity, sphericity, 
grading, and, distribution of brown ferruginous chert, and clear quartz-quartzite particles in the grout sand; (b) 
dense paste filling the interstitial spaces between sand particles, and (c) noticeably less spherical <1 mm size 
entrained-like and more coarse and irregular-shaped entrapped air voids than seen in Grout 1, distributed 
throughout the grout that are judged to have formed from the construction process and affected the properties of 
grout in the fresh state (e.g., for slump, workability), and the hardened state (e.g., for compressive strength, and 
freeze-thaw durability). Scale bars are 1 mm. 
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Figure 30: A second exercise (after Figure 24) of black and white contrast enhancement of air voids in additional 
thin section micrographs of two grouts prepared by Image analyses of thin section micrographs in ImageJ so that 
air contents in two grouts can be calculated. Such practice showed 6.4 percent (as opposed to 6.1 percent seen 
before) total air in Grout 1, whereas 3.5 percent air (as opposed to 3.2 percent found before) in Grout 5. Such a 
difference of about 3 percent air could introduce corresponding variations in compressive strengths of two grouts.  
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Figure 31: 
Micrographs of thin 
section of Grout 1 
showing ferruginous 
chert and quartz-
quartzite particles in 
sand and interstitial 
paste having many 
residual Portland 
cement and spherical 
fly ash particles. Air 
voids are highlighted 
by blue epoxy.  

Left column photos 
were taken in plane-
polarized light and 
right column in 
corresponding 
crossed polarized 
light modes with a 
petrographic 
microscope. 
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Figure 32: Micrographs of 
thin section of Grout 1 
showing:  
 
(a) spherical entrained air 
voids (highlighted by blue 
epoxy) distributed in  
 
(b) a hardened paste of 
hydration and pozzolanic 
reaction products of 
Portland cement and fly 
ash, respectively, as well 
as  
 
(c) residual cement and 
spherical residual fly ash 
particles. 
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Figure 33: Micrographs of 
thin section of Grout 1 
showing:  
 
(a) a hardened paste of 
hydration and pozzolanic 
reaction products of 
Portland cement and fly 
ash, respectively, as well as  
 
(b) residual cement and 
spherical residual fly ash 
particles (a few fly ash 
spheres are marked with 
arrows).  
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Figure 34: Micrographs 
of thin section of Grout 
5 showing ferruginous 
chert and quartz-
quartzite particles in 
sand and interstitial 
paste having many 
residual Portland 
cement and spherical 
fly ash particles. Air 
voids are highlighted 
by blue epoxy.  

Left column photos 
were taken in plane-
polarized light and 
right column in 
corresponding crossed 
polarized light modes 
with a petrographic 
microscope. 
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Figure 35: Micrographs of 
thin section of Grout 5 
showing:  
 
(a) lack of spherical 
entrained air voids that are 
present in Grout 1,  
 
(b) a hardened paste of 
hydration and pozzolanic 
reaction products of 
Portland cement and fly 
ash, respectively, as well 
as  
 
(c) residual cement and 
spherical residual fly ash 
particles.  
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Figure 36: Micrographs of 
thin section of Grout 5 
showing: (a) a hardened 
paste of hydration and 
pozzolanic reaction 
products of Portland 
cement and fly ash, 
respectively, as well as (b) 
residual cement and 
spherical residual fly ash 
particles (a few fly ash 
spheres are marked with 
arrows).  

Notice the amount of 
residual fly ash spheres in 
this core are less than the 
amount found in Core 1 
indicating a possible lower 
dosage (and/or lower rate 
of pozzolanic reaction) of 
fly ash in Core 5.  

  



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

Allen Tower, Houston, Texas 41 

 

Figure 37: A mosaic of eight micrographs 
of thin section of Grout 1 showing:  
 
(a) size, shape, angularity, sphericity, 
grading, and, distribution of brown 
ferruginous chert, and clear quartz-
quartzite particles in the grout sand;  
 
(b) dense paste filling the interstitial spaces 
between sand particles, and  
 
(c) abundant spherical <1 mm size 
entrained air voids distributed throughout 
the grout that are judged to have been 
added by use of an air-entraining chemical, 
which was responsible for the properties of 
this grout in the fresh state (e.g., for slump, 
workability), and the hardened state (e.g., 
for compressive strength, and freeze-thaw 
durability). 
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Figure 38: A mosaic of eight 
micrographs of thin section of Grout 
1 showing size, shape, angularity, 
sphericity, grading, and, distribution 
of brown ferruginous chert, and clear 
quartz-quartzite particles in the grout 
sand. Notice some fine-grained 
calcitic limestone particles in sand 
that are highlighted by characteristic 
high birefringence colors of calcite.   
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Figure 39: 
Micrographs of 
thin section of 
Grout 1 showing:  
 
(a) spherical 
entrained air 
voids (highlighted 
by blue epoxy) 
distributed in  
 
(b) a hardened 
paste of hydration 
and pozzolanic 
reaction products 
of Portland 
cement and fly 
ash, respectively, 
as well as  
 
(c) residual 
cement and 
spherical residual 
fly ash particles.   
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Figure 40: A mosaic of eight 
micrographs of thin section of Grout 
5 showing:  
 
(a) size, shape, angularity, sphericity, 
grading, and, distribution of brown 
ferruginous chert, and clear quartz-
quartzite particles in the grout sand;  
 
(b) dense paste filling the interstitial 
spaces between sand particles, and  
 
(c) absence of abundant spherical <1 
mm size entrained air voids that are 
distributed throughout Grout 1, 
instead presence of many coarse 
entrapped voids in Grout 5 that were 
formed during the construction 
processes. 
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Figure 41: A mosaic of eight 
micrographs of thin section of 
Grout 5 showing size, shape, 
angularity, sphericity, grading, and, 
distribution of brown ferruginous 
chert, and clear quartz-quartzite 
particles in the grout sand. Notice 
some fine-grained calcitic 
limestone particles in sand that are 
highlighted by characteristic high 
birefringence colors of calcite.  
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Figure 42: 
Micrographs of thin 
section of Grout 5 
showing:  

  
(a) spherical 
entrained air voids 
(highlighted by blue 
epoxy) distributed 
in  

  
(b) a hardened 
paste of hydration 
and pozzolanic 
reaction products of 
Portland cement 
and fly ash, 
respectively, as 
well as  

  
(c) residual cement 
and spherical 
residual fly ash 
particles.   
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Figure 43: 
Micrographs of 
thin section of 
Grout 1 
showing 
ferruginous 
chert and 
quartz-
quartzite 
particles in 
sand and 
interstitial 
paste having 
many residual 
Portland 
cement and 
spherical fly 
ash particles. 
Air voids are 
highlighted by 
blue epoxy.  

Left column 
photos were 
taken in plane-
polarized light 
and right 
column in 
corresponding 
crossed 
polarized light 
modes with a 
petrographic 
microscope).   
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Figure 44: 
Micrographs 
of thin section 
of Grout 5 
showing 
ferruginous 
chert and 
quartz-
quartzite 
particles in 
sand and 
interstitial 
paste having 
many residual 
Portland 
cement and 
spherical fly 
ash particles. 
Air voids are 
highlighted by 
blue epoxy.  

Left column 
photos were 
taken in plane-
polarized light 
and right 
column in 
corresponding 
crossed 
polarized light 
modes with a 
petrographic 
microscope).   

.  
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X-RAY DIFFRACTION (XRD) STUDIES OF GROUTS 

 
Figure 45: X-ray diffraction patterns of Grout 1 showing the abundance of quartz from siliceous sand, and, minor 
portlandite and calcite from paste. No potentially deleterious constituents were found in the grout.  
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Figure 46: X-ray diffraction patterns of Grout 5 showing the abundance of quartz from siliceous sand, and, minor 
portlandite and calcite from paste. No potentially deleterious constituents were found in the grout.  
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X-RAY FLUORESCENCE (XRF) COMPOSITIONS OF GROUTS  

 
Figure 47: X-ray fluorescence spectroscopy of both grout samples showing the overall similarities in bulk 
chemical compositions of both grouts, which are consistent with mineralogical similarities from optical 
microscopy and XRD studies. 
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RESULTS 

AGGREGATES IN GROUTS 

Both grout cores are made using compositionally similar natural siliceous sand aggregates containing: (a) major 

amounts of quartz and variably strained quartzite particles (Figures 8-11, 13-16, 22-25, 26-29, 37-38, 40-41), and, 

(b) subordinate amount of ferruginous (sometimes with dolomitic) chert particles (Figures 21-25, 38, 41) where the 

former quartz-quartzite component is present as clear, off-white to light gray, subangular to subrounded, dense, 

hard, well-graded and well-distributed particles, whereas ferruginous chert particles are present in characteristic 

light to dark brown color tones from ferruginous impurities, subrounded to well-rounded (similar to finer sand-

sized fractions of chert gravel), dense, hard, well-graded, and well-distributed. A few carbonate (limestone) 

components are also detected (Figures 43, 44) that are judged to be accidental incorporation in sand.  

Despite the presence of many potentially alkali-silica reactive particles in sand from strained quartzite to chert, 

there is no evidence of such a reaction of fine aggregate particles found in the cores.  

Properties and Compositions 
of Aggregates 

Cores 1 and 5 

Fine Aggregate 

Types Natural siliceous sand  

Nominal maximum size (in., 
mm) 

3/8 in. (9 mm) 

Rock Types 
Major amounts of quartz and variably strained quartzite particles, and subordinate 
amounts of feldspar, ferruginous (sometimes with dolomitic) chert particles 

Cracking, Alteration, Coating 
Variably colored, subrounded to subangular, dense, hard, equidimensional to 
elongated 

Grading & Distribution Well-graded and Well-distributed 

Soundness Sound  

Alkali-Aggregate Reactivity None 
Table 2: Properties of grout sand. 

HARDENED PASTE  

Both grout cores show the presence of major amounts of Portland cement and subordinate amounts of fly ash. 

From the amount of residual fly ash particles in the paste, Core 1 showed a higher content of fly ash residues than 

Core 5, which could indicate a higher dosage of fly ash in the Core 1 grout and/or a lower degree of pozzolanic 

reaction of fly ash in Core 1.  

Pastes in both grout cores are very dense, hard, dark gray, have subtranslucent vitreous lusters and subconchoidal 

fractures. Paste shows abundant residual Portland cement particles (estimated to be 14 to 16 percent of paste 

volumes) having subhedral alite and anhedral spherical belite crystals in dark interstitial ferrite and aluminoferrite 
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phases. Compositions and properties of paste in the interior sound grouts are indicative of estimated water-

cementitious materials ratios of 0.40 to 0.45. No innocuous or deleterious secondary deposits are found in the 

paste to affect the properties and performance of grouts. 

Properties and Compositions of Pastes Cores 1 and 5 

Color, Hardness, Porosity, Luster Gray, Hard, Dense, Subvitreous  

Residual Portland Cement Particles Normal, 14 to 16 percent by paste volume  

Calcium hydroxide from cement hydration Normal, 10 to 14 percent by paste volume 

Pozzolans, Slag, etc. Fly Ash  

Water-cementitious materials ratio (w/cm), estimated 0.40 to 0.45 

Cementitious materials contents, estimated (equivalent 
to bags of Portland cement per cubic yard) 12 to 121/2  

Secondary Deposits None 

Depth of Carbonation, mm No carbonation of paste (Figure 12) 

Microcracking None 

Aggregate-paste Bond Tight  

Bleeding, Tempering None 

Chemical deterioration  None 
Table 3: Properties and compositions of hardened cement paste in the interior main grout bodies. 

AIR  

Petrographic examinations of lapped cross sections (Figures 13-16, and 17-20), thin sections (Figures 22-23, 26-

29, 32, 35, 37, and 40), and image analyses (Figures 24 and 30) of numerous micrographs of thin sections of 

grouts showed estimated 6 percent total air in Core 1, whereas 3 percent air in Core 2. The main difference beside 

the absolute air content is in the presence of air entrainment as numerous fine, discrete, spherical and near-

spherical entrained air voids of sizes 1 mm or less in Core 1 (Figures 13-16, 17-20, and 26-29), whereas absence 

of such intentionally introduced spherical entrained air bubbles in Core 2, where air mostly occurs as coarse, 

near-spherical and irregularly-shaped entrapped voids, which were formed from the construction processes (e.g., 

pumping).  

MINERALOGICAL AND CHEMICAL COMPOSITIONS OF GROUTS 

Both XRD and XRF studies show overall similarities in basic mineralogical and chemical compositions of grout 

cores. Both cores showed quartz as the dominant mineral from silica sand and minor portlandite and calcite from 

paste. Both cores showed similar oxide compositions in XRF. No differences in mineralogy or chemistry are found 

to indicate any potentially deleterious reactions in a grout to affect the strength and performance.  
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DISCUSSIONS 

MIX DESIGNS OF GROUT 

Two separate mix designs of grout were provided, of which one design having ‘no air’ was reportedly specified for 

the grouts in question. One design (Mix #1) identified as AU6500, dated 12/31/19, was specified for a 28-day 

compressive strength of 6550 psi, 3 to 6 percent air, and 6 to 8 inches slump - from use of 978 pounds of Portland 

cement, 244 pounds of fly ash (i.e., 20 percent by weight of total cementitious components), 1759 pounds of sand, 

550 pounds of water (for a water-cementitious materials ratio of 0.45), 6.1 oz of air-entraining agent, 49 oz of 

water-reducing admixture and 98 oz of high-range water reducer.  The second mix (Mix #2), identified as 

AU6550, dated 1/3/20, was specified for a 28-day compressive strength of 6550 psi, no air, and 6 to 8 inches 

slump from use of 1015 pounds of Portland cement, 113 pounds of fly ash (i.e., 10 percent by weight of total 

cementitious components), 1970 pounds of sand, 508 pounds of water (for a water-cementitious materials ratio of 

0.45), 5.6 oz of air entraining agent (despite calling for no target air), 34 oz of water-reducing admixture and 90 

oz of high-range water reducer. Two main differences between these two mix designs are in: (a) target air contents, 

which changed from 3 to 6 percent air in Dec 2019 design to no air in Jan 2020 design; and, (b) reduction in fly 

ash content by half of total cementitious contents, from 20% in Dec 2019 design to 10% in Jan 2020 design.  

GROUT COMPOSITIONS  

Both grout cores are made using compositionally similar natural siliceous sand aggregates containing: (a) major 

amounts of quartz and quartzite particles, and, (b) subordinate amounts of ferruginous (sometimes with dolomitic) 

chert particles where the former quartz-quartzite component is present as clear, off-white to light gray, subangular 

to subrounded, dense, hard, well-graded and well-distributed particles, whereas ferruginous chert particles are 

present in characteristic light to dark brown color tones from ferruginous impurities, subrounded to well-rounded 

(similar to finer sand-sized fractions of chert gravel), dense, hard, well-graded, and well-distributed. The 

ferruginous chert particles may represent the original constituents of the sand used, or, might have been added 

separately into the quartz-quartzite silica sand. Image analyses of scanned light-transparent thin sections of grouts 

after highlighting all ferruginous chert particles in the sections showed a similar chert content in both grouts, 

which is estimated to be 5.8 percent of total volume of concrete, which considering 55 percent sand by weight of 

total solid components of mix, and 2.52 specific gravity of chert, corresponds to 8 percent chert by mass of 

concrete. This calculated chert content is higher than the ASTM C 33 recommended maximum allowable chert 

content of 3 percent by mass for a concrete exposed to moderate or severe weather regimes. The quartzite 

particles in the sand show undulose extinctions from stresses and deformations in quartz crystal structures, which 

make these particles vulnerable to potentially deleterious alkali-silica aggregate reactions when used in a concrete 

in the presence of high alkalis and moisture. The fine-grained microcrystalline to cryptocrystalline silica in 

ferruginous chert particles are also known to be potentially alkali-silica reactive in the presence of moisture and 

high alkalis during service. Many sand and gravel aggregates from Houston commonly contain such potentially 
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reactive chert and quartzite gravel and sand particles, and still have been successfully incorporated in concrete 

with many protective measures. Therefore, a careful use of such reactive particles are necessary, e.g., a prior 

laboratory test of potential alkali-silica reactivity of such particles in concrete from accelerated alkali-silica 

reactivity tests (e.g., ASTM C 1260 or C 1293), use of supplementary cementitious materials to dilute the reactive 

alkali contributions from cementitious components, densifications of concrete by well consolidation, and use of a 

low water-cementitious materials ratio mix, etc. are a few such measures. 

Petrographic examinations of both grout cores show use of many such preventative measures, e.g., first use of fly 

ash as a supplementary cementitious material in both mixes to reduce the Portland cement content, even when 

(especially when) the mix designs called for use of as high as 13 bags of total cementitious materials per cubic 

yard of concrete. Dosages of fly ash varied from 10 to 20 percent by weight of total cementitious materials, which 

was effective in reducing the contributions of reactive alkalis in pore solutions of grout to prevent potentially 

deleterious participations of reactive chert and quartzite particles from sand. Additionally, the estimated water-

cementitious materials ratios of both grout cores are found to be well within the reported design value of 0.45. As 

a result of such protective measures, petrographic examinations did not find any evidence of potential reactivity of 

chert or strained quartzite particles in sand. Besides, considering placement of piles only in April of this year, 

potential for initiation of such reactions in the field is still in its infancy.  

Both grout cores contained major amounts of Portland cement and subordinate amounts of fly ash, which are in 

conformance to the reported mix designs. The difference, however, is in the estimated fly ash contents, which, 

from the amount of residual fly ash particles in the paste of grout Core 1 is found to be approximately 15 to 20 

percent by mass of total cementitious components, which is similar to the reported 20 percent dosage of fly ash in 

the Mix 1 dated Dec. 2019. Fly ash content in Core 2 is found to be less (from lesser amount of residual fly ash 

spheres in paste in Core 2) than the amount found in Core 1, which is more similar to the reported 10 percent 

dosage of fly ash in Mix 2 dated Jan. 2020. Such difference in fly ash contents between two grout cores, however, 

may represent a difference in the original fly ash contents in those grouts, and/or difference in degree of 

pozzolanic reactions of similar fly ash types and contents in the grouts where advanced pozzolanic reaction in 

Grout 2 would be responsible for lower residual fly ash content in the paste. If it is due to a difference in the 

original fly ash contents, then Core 1 is more similar to the Mix 1’s fly ash content, whereas Core 2 is similar to 

Mix 2’s fly ash content.  

AIR VARIATIONS IN GROUTS 

The main difference between the two grout cores is in their air contents and in the types of air-void systems, 

which, again, show a similarity of Core 1 to Mix 1 where the mix is reported to have air entrainment with a range 

of 3 to 6 percent air, whereas Core 2 is similar to Mix 2 with no reported air. Petrographic examinations and 

image analyses of numerous micrographs of thin sections of grouts showed estimated 6 percent total air in Core 1, 

whereas 3 percent air in Core 2. The main difference besides the absolute air content is in the presence of air 
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entrainment as numerous fine, discrete, spherical and near-spherical entrained air voids of sizes 1 mm or less in 

Core 1, which were judged intentionally introduced to improve the properties of grout in fresh (e.g., workability) 

and hardened (e.g., durability) states, whereas absence of such intentionally introduced spherical entrained air 

bubbles in Core 2, where air mostly occurs as coarse, near-spherical and irregularly-shaped entrapped voids, 

which were formed from the construction processes (e.g., pumping). Such almost 3 percent variations in total air 

contents between two grouts, at a given workability, can introduce as much as 15 percent variations in 

compressive strengths of grouts. Therefore, grout piles placed according to the air-entrained Mix #1 design will 

produce lower compressive strengths at a given workability than grout piles placed according to the non-air-

entrained Mix #2 unless such air-induced variations of strength are compensated by concomitant variations in 

water-cementitious materials ratios and other factors that are beneficial to strengths. Based on clear difference in 

total air contents and air-void systems in two grout cores, the reported inconsistencies in strength results are 

determined to be due to such internal variations in air contents.  

REASONS FOR LOW COMPRESSIVE STRENGTHS 

In summary, based on detailed petrographic examinations of two grout cores, the main reason for the reported 

strength variations between piles is found to be due to the total air contents and air-void systems in grouts where 

high air contents and presence of air entrainments have systematically produced lower compressive strengths than 

the piles lacking air entrainment except a few coarse entrapped voids formed from the pumping process. Other 

than air, except perhaps a variation in fly ash contents, there is no other evidence found in the two cores to 

explain the reported strength variations.  There are no variations in the degree of hydration of cement particles or 

any unusual features in cement hydrations in two grout cores to interfere with strength development. There is no 

evidence of any potentially deleterious chemical or physical reactions of grouts and the components found to 

interfere with the strength developments.  
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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. 


