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Dear Mr. George: 

This letter transmits the above deliverable. We have changed the title to Bonding and Cracking 
Behavior and Related Properties of Cementitious Grout in an Intermediate-Scale Grout Monolith 
to better reflect the contents of the report. ‘The work was undertaken to better inform the 
U.S. Nuclear Regulatory Commission (NRC) concerning the behavior and sealing properties of 
grout formulations the U.S. Department of Energy is considering for closure of radioactive waste 
tanks at sites specified in the Ronald W. Reagan National Defense Authorization Act of Fiscal 
Year 2005. 

This report presents the results of additional inspections of the intermediate-scale grout 
monolith that was constructed in fiscal year 2010 to further characterize the distribution of 
cracks and bonding between the grout and the steel tank liner or wall. It also contains a review 
of the mechanisms responsible for crack development in massive (concrete structures and 
evaluates approaches for numerically simulating the development of cracks in such structures. 

Significant findings of these studies are that (i) an extensive network of cracks exists within the 
intermediate-scale grout monolith that allowed water introduced during wet coring to permeate 
through the monolith and emerge as seepage along its perimeter, (ii) bonding between the grout 
and the tank wall varied with position around the perimeter and with depth in the monolith 
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(iii) crack development has continued since the specimen was constructed in April 2010 and 
may have been stimulated by removal of portions of the tank wall which relieved confining 
pressure on the grout. 
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Review of the technical literature indicated a variety of processes can lead to crack 
development in massive concrete structures. Most of the published literature focuses on 
concrete used in dam structures. Our report includes a summary of these processes and 
descriptions of the characteristics of cracks associated with various structures. However, we 
were unable to associate the four crack sets observed in the intermediate-scale grout monolith 
unambiguously to specific formation mechanisms or combinations of formation mechanisms. 
With respect to modeling crack development, we did not identify any commercial codes 
specifically designed for predicting crack development, although a general purpose code such 
as ABAQUS@ might be used if appropriate mechanical property models were developed. 

We look forward to continuing to support NRC work in this important area with additional 
experiments and related analysis and interpretations. 
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EXECUTIVE SUMMARY 

Under Section 3116 of the Ronald W. Reagan National Defense Authorization Act of Fiscal Year 
2005 (NDAA), the U.S. Nuclear Regulatory Commission (NRC) is responsible for consulting with 
the U.S. Department of Energy (DOE) on the DOE waste determinations for certain waste tanks 
and vaults at the Savannah River Site and Idaho National Laboratory, and for monitoring 
disposal actions taken by DOE pursuant to NDAA Section 3116, Subsection (a)(3), 
Subparagraphs (A) and (B) for the purpose of assessing compliance with the performance 
objectives of 10 CFR Part 61, Subpart C.  NRC staff need information from independent 
analyses that support their consultation responsibilities under the NDAA. 
 
Under the provisions of this Act, DOE stabilizes waste tanks and vaults with cementitious 
materials, such as grout.  To support NRC, the Center for Nuclear Waste Regulatory Analyses 
(CNWRA®) has been tasked to provide mechanistic information on the physical and chemical 
degradation of cementitious waste forms that are used for the isolation and containment of 
radioactive wastes and to evaluate the potential for radionuclide bypass of the engineered 
barriers via preferential or fast pathways. 
 
To establish a base-level understanding of the potential for fast flow pathways to form within 
grout soon after it is emplaced in a waste tank, CNWRA staff developed the intermediate-scale 
grout monolith specimen at Southwest Research Institute®

 (SwRI®) facilities in San Antonio, 
Texas, as an analog to grouted tanks at NDAA facilities (Walter, et al., 2009, 2010).  In fiscal 
year 2011, CNWRA investigated the bonding and cracking behavior and related properties of 
cementitious grout in the intermediate-scale grout monolith.  This grout is similar to grout that 
may be used to stabilize NDAA waste tanks.  These investigations included 
 
• Nondestructive evaluation of the presence or lack of air gaps between the grout mass 

and the tank liner using ultrasonic testing and coin-tap testing 
 

• Destructive evaluation of the interface between the grout and two discrete sections 
removed from the tank wall  

 
• Observations of water breakthrough patterns on the exposed grout wall following water 

injection during wet-coring operations 
 

• Measurements and descriptions of the two exposed grout wall sections and three 
extracted cores, including the presence and characteristics of horizontal partings and 
vertical-to-subvertical cracks 

 
• High-resolution laser measurements of the surface topography of the grout monolith and 

detailed mapping and geographic-information-systems-based analysis of variable crack 
apertures, crack frequencies, and crack types on its surface 

 
• Synthesis of literature describing cracking mechanisms in large concrete 

infrastructure and interpretation of observed grout monolith cracks in terms of 
known cracking mechanisms 
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• A brief literature review of numerical modeling work undertaken by others that might 
form a foundation from which to begin NDAA-focused modeling to better understand key 
factors affecting the formation of cracks in grout monoliths 

 
• Interpretation of the potential significances of bonding and cracking for NDAA 

grout monoliths 
 
The intent of the investigations was to gain insight into risk-significant aspects of grout behavior 
and properties that affect its performance.  Due to differences in the formulation of the grout 
used in this investigation, and differences in the conditions of emplacement and curing, the 
findings reported here may not represent the behavior and properties of grouts used in actual 
closure of NDAA tanks. 
 
Ultrasonic and coin-tap nondestructive testing methods were used to investigate the bond 
between the grout and the tank liner (i.e., the wall) of the intermediate-scale grout monolith.  
Based upon comparison of the ultrasonic inspection results with the destructive testing of two 
sections of the intermediate-scale grout monolith’s tank wall, it appears that the zero degree, 
longitudinal ultrasonic technique provided a good means to determine whether the interface 
between the grout and the tank wall was affected by the presence of an air gap.  While the 
presence of an air gap is strongly suggestive of a debonded condition, the lack of an air gap 
does not conclusively prove that a bond exists between the grout and the tank liner or wall.  
Because the coin-tap test is only capable of identifying larger voids, this test method did not 
prove reliable for detecting small air gaps that were positively identified by the ultrasonic 
method, but it was useful for identifying the presence of near-surface air gaps located behind 
near-vertical cracks at the grout–tank wall interface. 
 
Dynamic structured light imaging and high-resolution photographic methods were used to 
investigate the grout residue that remained adhered to two destructively removed sections of 
the tank wall.  Results provide insight into the nature of the interface between tank wall and 
grout.  Observations indicate that bonding of grout to tank wall is not uniform.  As grout was 
emplaced in the intermediate-scale grout monolith, grout commonly spattered onto the tank liner 
above the existing grout level and during later pours was covered over by the emplaced bulk 
grout mass.  Destructive removal of two tank wall sections illustrated that these early cured 
grout spatters sometimes adhere well to the tank wall and sometimes remain with the grout 
mass.  Although spatter can adhere to the tank wall, the bulk grout mass may not adhere well to 
the spatter, with the result that a vertical discontinuity exists within a few millimeters of the tank 
wall.  Though not a crack sensu stricto, the discontinuity may appear and act as a crack.  
Because grout emplaced within the monolith was not vibrated to enhance compaction and 
leveling and to eliminate the presence of air bubbles, the presence of grout spatter on tank walls 
leads to additional pore space surrounding each spatter because freshly poured bulk grout 
tends to not flow into all available void space surrounding early-cured grout spatters. 
 
Destructive removal of the two tank wall sections changed the stress state within the monolith, 
causing existing cracks to evolve and new cracks to develop with time.  Grout within lower lifts 
tends to be smoother than grout within the uppermost lift, which is attributed to the role played 
by overburden pressure that tends to compress voids, vesicles, vugs, and air bubbles in the 
lower lifts of grout.  Interface quality between the three lifts was variable, with grout at an 
interface either tending to remain with the grout mass or tending to adhere to the removed tank 
liner sections. 
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Observations of epoxy uptake by crack systems and wet-coring water that seeped from the 
exposed sides of the intermediate-scale grout monolith indicate the presence of an extensive 
network of permeable pathways through the specimen. 
 
Features revealed through extraction of cores ranged from matrix color variations to vug sizes, 
crack distributions, apertures, and trace lengths.  Matrix color change at a consistent depth 
below the surface of the grout is interpreted to ndicate the vertical extent of the evaporation 
zone, within which water is transferred to the atmosphere and early plastic shrinkage cracks and 
later hydration and drying shrinkage cracks form.  Excess porosity is present in the form of 
vesicles and vugs because the grout was not vibrated subsequent to emplacement.  The three 
extracted cores provide evidence that various material components or grout ingredients were 
not completely mixed at the batch plant or during delivery to the site, leaving some vugs partly 
filled with friable particulate matter.  Cracks are sometimes observed to penetrate relatively soft 
clasts instead of forming around clast edges.  Horizontal crack intensity, as estimated from 
vertical cores, is four to seven cracks per meter [one to two cracks per foot].  Vertical and 
subvertical cracks, however, are undersampled by vertical core and are best understood at this 
time from an analysis of cracks intersecting the grout surface. 
 
Staff further characterized the 218 cracks exposed on the surface of the intermediate-scale 
grout monolith by mapping their locations and variable apertures.  Cracks are distributed in fairly 
distinct sets, including (i) radial to the monolith, (ii) roughly perpendicular to lobe flow fronts, 
(iii) two en echelon cracks that nearly bisect the monolith into equal halves, and (iv) a few 
cracks/crack families concentric to the monolith edge.  Crack aperture varied from <0.5 to 8 mm 
[<0.02 to 0.31 in], with variation in aperture along crack length.  Aperture values of at least 
4 mm [0.16 in] were found in each quadrant of the monolith.  Crack frequency, computed for 
12 equal areas on the surface of the monolith, ranged from 1 to 26 cracks per square meter 
[9.3 × 10−2 to 2.4 cracks per sq. ft].  Crack frequency is highest within the mounded grout flow 
lobes.  The center of the grout monolith, where grout was preferentially pumped, is 21.9 cm 
[8.6 in] higher than the lowest point in the northeast quadrant of the tank, and topography is 
correlated to crack distribution, with higher crack frequency in areas of higher topography.  
Many cracks terminate at or near the edge of mounded grout flow lobes. 
 
Grout cracking mechanisms identified through a literature review are summarized in the 
following table, along with causative factors, morphology (where known) and timing of formation.  
Concrete literature is vague regarding measureable crack characteristics that would allow 
definitive determination of cracking mechanisms, and some cracks may reflect a combined 
response to more than one cracking mechanism. 

 
Plastic shrinkage, plastic settlement, and presetting cracks are related to contraction due to 
early water loss (i.e., evaporation from a free surface).  Hydration and drying shrinkage occurs 
later during the curing process by incorporation of water molecules into the mineral structure of 
the cement paste and by loss of water to evaporation at the concrete surface.  Drying shrinkage 
is commonly of minor importance to formation of cracks in massive concrete infrastructure 
(Springenschmid, 1994), but this may be due to common use of vibration or other compaction 
mechanisms that have no bearing on NDAA tank closure.  Plastic shrinkage cracking, plastic 
settlement cracking, presetting cracking, and hydration and drying shrinkage cracking are 
interpreted to have played a major role in the development of numerous, relatively shallow but 
wide-aperture subvertical cracks in multiple lifts within the intermediate-scale grout monolith.  
These cracks formed in a near 100 percent relative humidity environment because the monolith 
was covered.   
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ES–1.  Cracking Mechanism Types, Causes, Morphology, and Timing 

Mechanism Causative Factors 
Morphologic 

Characteristics 
Timing of 
Formation 

Plastic shrinkage 
Contraction due to water loss from 

surface 
Large aperture, 

long or short 
Early 

Plastic settlement 
Contraction due to 

nonuniform settlement over obstructions 
Undefined Early 

Presetting cracks 
A large horizontal area of concrete makes 

contraction in the horizontal direction 
more difficult than in the vertical direction 

Deep? 
irregular pattern 

Early 

Hydration shrinkage 
(also referred to as 
hygral or drying 
shrinkage) 

Contraction due to water loss by hydration 
of cement 

Undefined Middle to late 

Thermal stress (also 
referred to as 
thermomechanical) 

Restrained expansion with heating, 
followed by contraction with cooling 

Small aperture? 
long length 

Middle to late 

Other mechanical 
stress cracks 

Extensional strain not related to water 
loss or temperature 

Undefined Middle to late 

 
with an impervious plastic sheet for approximately 1 month after the final pour of the final lift was 
emplaced.  High humidity is also expected within NDAA tanks during early curing. 
 
Heat of hydration and resultant large temperature gradients within massive concrete 
infrastructure (both reinforced and unreinforced) are of primary importance to restraint stresses 
and the formation of cracks (Springenschmid, 1994), but this observation may not directly 
apply to the grout formulations being considered for NDAA tank closures due to the different 
material properties of grout versus construction concrete.  Little information was found on the 
thermal properties of grout-type materials.  Most of the literature surveyed was related to the 
thermal conductivity of super-plasticized grout used to seal boreholes and pipes for 
geothermal heat pump systems.  Allan (2000) reported the coefficient of thermal expansion of 
the superplasticized cement–sand grout formulation designed for sealing such pipes was 
1.65 × 10−5/°C [0.92 × 10−5/°F], approximately 60 percent greater than that of typical 
construction concrete and similar to neat cement.  Thus, grout may be more susceptible 
to thermomechanical cracking than construction concrete, yet to date, no cracks 
within the intermediate-scale grout monolith can be conclusively linked to the 
thermomechanical mechanism. 
 
Cracking is also influenced by the internal and external constraints on the grout; that is, by the 
boundary conditions provided by the structure that restrains the grout during the thermal 
expansion stage.  Expansion cracks that form during the heating phase tend to close as the 
structure cools and to not be throughgoing, whereas cracks that form during the cooling phase 
tend to remain open and be throughgoing.  The intermediate-scale grout monolith was 
restrained during curing by its tank liner and also by the angle-iron crossbeam where the two 
halves of the tank were joined together.  The restraint this crossbeam provided may have no 
direct analogy to most NDDA waste tanks, and no cracks within the intermediate-scale grout 
monolith have been conclusively linked to expansion cracks that formed during the early 
curing phase. 

Cracks can also be created by external stresses after the structure has cooled, such as ground 
settling, deformation of bounding constraints, and seismically induced stresses.  Two 
throughgoing, linear, and narrow en echelon cracks that nearly bisect the monolith into two 
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equally sized halves are interpreted as settlement cracks.  Destructively removing two wall 
sections for analysis released restraining stresses and caused existing cracks to evolve and 
new cracks to form, but taking the action that led to development of these cracks has no direct 
analog to the NDAA case.  The steel tank liner encasing the grout monolith was subject to 
diurnal solar heating and cooling, probably with maximum expansion/contraction occurring in 
the direction orthogonal to the angle-iron crossbeam, with minimum expansion/contraction 
occurring in the direction of the crossbeam.  Buried NDAA waste tanks will not be subject to 
equivalent diurnal heating and cooling extremes.  Much uncertainty remains regarding the 
degree to which external mechanical stress will affect cracking of NDAA grout monoliths. 
 
The literature review for this report did not reveal any commercial computer codes specifically 
designed to simulate the complex processes influencing crack development in large concrete 
structures.  A versatile finite element code, such as ABAQUS®, could possibly be used for this 
purpose because it is capable of modeling the thermomechanical behavior including 
time-dependent, inelastic stress–strain evolution (creep) and possibly the cracking process.  
Substantial effort, however, would be required to add more advanced material models to 
ABAQUS that would be capable of capturing the key aspects of the chemical evolution of 
curing grout.   
  
Cracks were observed to continue to propagate within the intermediate-scale grout monolith 
during the period of this investigation.  Air gap apertures between the grout mass and internal 
tank fixtures also evolve with curing time, as demonstrated with the initial set of 12 drum grout 
specimens and the sector specimen (Walter, et al., 2010).  The porosity of a hydrating cement 
paste decreases with time.  The permeability of a newly constructed monolith decreases with 
porosity but increases with the development of micro- and macrocracks.  Early permeability 
values were estimated for the intermediate-scale grout monolith in fiscal year 2010 (Walter, 
et al., 2010), but permeabilities that would account for parameter evolution as a function of cure 
time have not been reestimated since that time.  Thus, staff recommend pneumatic retesting of 
the grout monolith.  
 
As of the date of this report, gas injection testing of fiscal year 2010 drum grout specimens of 
surrogate Idaho National Laboratory heel grout and South Carolina reducing grout remains to 
be performed.  These tests could only have been performed after allowing at least 30 days of 
curing of the specimens in 2010, but there was no funding available to support this work in fiscal 
year 2010, nor were these tests included in the fiscal year 2011 operations plan.  Thus, staff 
also recommend that pneumatic testing of the fiscal year 2010 drum grout specimens of 
surrogate Idaho National Laboratory heel grout and surrogate Savannah River Site reducing 
grout be performed in fiscal year 2012. 
 
The behavior and characteristics of the intermediate-scale grout monolith indicate that relatively 
large grout specimens are required to fully understand the flow behavior and cured properties of 
the grout that may be placed in the NDAA tanks.  Further characterization of the 
intermediate-scale grout monolith could include 
 
• Borescopic observations and descriptions of cracks exposed in sidewalls of 

Coreholes 1–9 (Coreholes 3 and 5, in particular, are known to have developed cracks 
after core removal, furthermore, the upper half of Corehole 8 has large cracks filled with 
epoxy from which additional information can be gleaned that was not easily discernable 
from its broken overcore) 
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• Volumetric measurement of epoxy applied to/accepted by any future coreholes as an 
estimate of local crack porosity 

 
• Controlled-volume tracer experiments, with rapid time-lapse photography or videography 

used to record breakthrough times and styles 
 

• Thin section preparation and analysis to understand the characteristics of strong versus 
weak aggregate particles (i.e., those which cracks penetrate through rather than traverse 
around), and clumps of poorly mixed ingredients 

 
• Horizontal coring from exposed sidewalls into the center of the monolith to better capture 

the frequency of hydraulically important vertical cracks, which are undersampled by 
vertical cores (horizontal cores would also likely reveal the thickness of the weathering 
rind/evaporation zone (through matrix color change) that is anticipated to surround the 
perimeter of the grout monolith) 

 
New grout monoliths can be constructed to  

 
• Investigate the effect of minimized diurnal heating and cooling (as expected in an NDAA 

waste tank) on grout–tank wall bonds 
 

• Investigate the effect of humid condition duration on development of early plastic 
shrinkage and later hydration and drying shrinkage cracks 

 
• Measure mechanical and thermal stresses during curing and record the timing of crack 

formation, where the timing of formation is diagnostic of formation mechanism 
 
If additional experimental grout monoliths are constructed under this program, staff recommend 
that separate pours within each lift be dyed different colors to aid identification, because some 
lift separations and hiatuses between pours are difficult to identify in cores. 
 
A limited review of available literature suggests there has been substantial work performed by 
others who are concerned with concrete repair to understand concrete adhesion and bonding.  
Staff recommend a detailed review of the available literature to better place our nondestructive 
and destructive testing results for grout–tank wall bonding into proper context. 
 
Finally, degradation characteristics and leach resistance of engineered analogs from the 
low-level waste and transuranic (intermediate-level) waste programs of various nations 
might be examined under this program in the future, with the caveat that emplacement 
mechanisms differ in significant ways, and thus material and chemical properties may also 
differ to significant degrees. 
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1  BACKGROUND AND SCOPE OF REPORT 

Under Section 3116 of the Ronald W. Reagan National Defense Authorization Act of Fiscal Year 
2005 (NDAA), the U.S. Nuclear Regulatory Commission (NRC) is responsible for consulting with 
the U.S. Department of Energy (DOE) on the DOE waste determinations for certain waste tanks 
and vaults at the Savannah River Site (SRS) and Idaho National Laboratory (INL), and for 
monitoring disposal actions taken by DOE pursuant to NDAA Section 3116, Subsection (a)(3), 
Subparagraphs (A) and (B) for the purpose of assessing compliance with the performance 
objectives of 10 CFR Part 61, Subpart C.  The NDAA provides criteria to determine whether 
certain waste resulting from the reprocessing of spent nuclear fuel is not high-level waste and 
specifies that the performance objectives in 10 CFR Part 61, Subpart C. 
 
Under the provisions of this Act, DOE may stabilize waste tanks and vaults with cementitious 
materials, such as grout.  Cementitious materials may be formulated to produce waste forms 
that enhance waste isolation by limiting radionuclide release and migration.  DOE may rely on 
(i.e., take credit for) natural and engineered system properties that provide attenuation and 
retardation of radionuclide migration as part of its waste disposal system performance 
assessments.  NRC staff need information from independent analyses that support their 
consultation responsibilities for non-high-level, waste-incidental-to-reprocessing determinations 
and their monitoring responsibilities for subsequent actions taken under the NDAA.  To this end, 
the Center for Nuclear Waste Regulatory Analyses (CNWRA®) has been tasked to provide 
mechanistic information on the physical and chemical degradation of cementitious waste forms 
that are used for the isolation and containment of radioactive wastes and to evaluate the 
potential for radionuclide bypass of the engineered barriers via preferential or fast pathways. 
 
Previous reviews of DOE waste determinations indicated that potential fast pathways going 
through and bypassing barriers may dominate waste release from large, grout-filled tanks and 
vaults.  Thus, macrocrack density and connectivity may play major roles in the release of 
radionuclides from in-situ tank closures and monolithic waste forms, such as saltstone.  Review 
of experimental and observational data on mass transport properties of cementitious materials 
did not reveal empirical data from which to estimate the likely properties of macrocracks that 
may develop in large grout monoliths.  Most crack characterization measurements to date have 
been made on small-scale laboratory specimens using construction materials with significantly 
different formulations than those DOE proposed for radioactive waste disposal at NDAA 
facilities.  Additionally, no data are available to assess the significance of annular gaps that may 
develop between cementitious grout and internal tank fixtures (e.g., interior tank walls, pipes, 
and cooling coils).  Lack of relevant data represents a key uncertainty when evaluating DOE 
waste determinations that rely on cementitious grout integrity to meet the performance 
objectives for low-level waste found in 10 CFR Part 61, Subpart C. 
 
To establish a base-level understanding of the potential for fast flow cracks and annular gaps to 
form soon after grout is emplaced in a waste tank, CNWRA staff developed mesoscale grout 
monolith specimens in fiscal year 2009 at Southwest Research Institute®

 (SwRI®) facilities in 
San Antonio, Texas, as analogs to grouted tanks at NDAA facilities (Walter, et al., 2009, 2010).  
Mesoscale specimens were constructed in 55-gallon drums and also in a 3 m [10 ft] by 30° arc 
sector to help inform development of conceptual designs for larger-scale grout monolith 
experiments.  The mesoscale grout monolith specimens, which were constructed using grout 
formulations, similar to those being considered for use at the SRS and INL, were instrumented 
to permit (i) observation and quantification of the effects of macrocracks, annuli between grout 
and internal fixtures or container walls, and lift separations that may develop due to thermal 
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contraction cracking, shrinkage, and the passage of time between lift emplacements, and (ii) the 
conduct of gas permeability tests. 
 
These experiments led to the design, development, and preliminary testing of an 
intermediate-scale grout monolith cylindrical specimen in fiscal year 2010 with a 6.1-m [20-ft] 
diameter and approximately 0.8 m [30 in] high composed of Local Reducing Grout (Walter, et 
al., 2010).  The scale of this specimen is approximately one fourth that of typical NDAA tanks.  
During the current fiscal year, testing and analysis of the intermediate-scale specimen 
continued, including (i) nondestructive and destructive testing of bonds between grout and tank 
walls; (ii) additional core sampling, inspection, and description; and (iii) surface crack 
characterization.  This letter report fulfills the requirement for CNWRA to document the results of 
these continuing analyses and also documents a literature review on the topic of mechanisms 
affecting crack formation in massive concrete structures.  We conclude with recommendations 
for future work in fiscal year 2012.  
 
The intent of CNWRA grout monolith investigations is to gain insight into risk-significant aspects 
of grout behavior and properties that affect performance.  Due to differences in the formulations 
of the grouts used in these investigations and differences in the conditions of placement and the 
environmental conditions of curing, the findings reported here may not represent the behavior 
and properties of grouts used in actual closure of NDAA tanks. 
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2  TESTING OF BOND BETWEEN GROUT AND TANK WALL 

CNWRA conducted tests to determine the quality of bond that develops between 
tank-waste-stabilizing grout and tank walls or liners.  It is important for the stabilizing grout to 
bond to the waste tank liner to minimize the potential for thin water films or rivulets to enter a 
gap between the grout mass and tank wall liner.  The concern is that water films or rivulets 
could rapidly flow through such gaps down into the residual contamination zone at the base of 
the tank. 
 
To determine whether grout in the intermediate-scale grout monolith was well bonded to the 
tank liner at various locations, SwRI Mechanical Engineering Division developed a field 
ultrasonic inspection technique applied to the outside wall of the tank to evaluate the occurrence 
of grout delaminations from the tank wall (i.e., air gaps between the grout and tank wall).  The 
principle of the technique is discussed in Section 2.1, and the ultrasonic data collected and 
results obtained are discussed in Section 2.2.  Destructive testing, discussed in Section 2.3, 
was conducted by removing two tank wall sections to correlate the ultrasonic results with the 
actual condition of the grout mass surfaces and the grout residue remaining on the inside 
surface of the tank wall.  Dynamic structured light (DSL) imaging of the grout residue interior to 
each wall section, discussed in Section 2.4, was undertaken to produce surface roughness 
maps of the actual condition on the inside surface of the tank walls. 

 
2.1 Conceptual Solution Using Ultrasonic Inspection 
 
2.1.1 Theory 

 
SwRI Mechanical Engineering Division developed a method (Light, et al., 2011) to estimate the 
likelihood of an air gap inside the tank wall using measurements on the outer tank wall.  The 
method uses ultrasonic energy applied to the outer side of the tank wall and propagates it into 
the tank wall.  It is assumed that some of the ultrasound would propagate into the grout if grout 
was bonded to the tank wall; but ultrasound would resonate only in the tank wall if there was an 
air gap between the grout and tank wall. 
 
The concept is illustrated in Figure 2-1.  Again, the assumption is that there will be an air gap 
where the grout has not bonded to or has debonded from the tank wall.  The ultrasonic 
reflection coefficient, Rp, is given by  
 

Rp = Reflectionpressure  =  (Z2 − Z1)/(Z2 + Z1)  = ∆Z/ΣZ (2-1)
 
where Z2 is the acoustic impedance of the second material (air or grout in this case) and Z1 is 
the acoustic impedance of the first material (steel in this case).  The transmission into the 
second material, Tp, is given by 
 

Tp = Transmissionpressure = 1 − Rp (2-2)
 
If there is an air gap behind the steel tank wall, then the ultrasonic pressure (Rp + Tp) will be 
nearly 100 percent reflected at the steel–air interface and will reverberate in the tank wall with 
essentially no transmission into the grout (Figure 2-1).  If there is no air gap, then approximately 
30 percent of the ultrasonic pressure will be transmitted into the grout and 70 percent will be 
reflected at the interface (Figure 2-1).  This represents a 3 decibel shift. 
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Figure 2-1.  Illustration of the Reflection of Ultrasonic Waves From a Steel–Air Interface 
and a Steel–Grout Interface 

 
If a pulse echo ultrasonic technique is used, it is anticipated that where there is an air gap 
between the grout and tank wall, the ultrasonic signal would reverberate many times in the steel 
wall, which has low ultrasonic attenuation.  For the case where there is no air gap, the energy 
would quickly dissipate into the grout.  Schematically, this is illustrated in Figure 2-2. 
 
2.1.2 Laboratory Tests and Data Collected from Mesoscale Drum 

Grout Specimens 
 
A small test sample of grout in a steel and wooden form, which was designed and built to verify 
the ultrasonic inspection theory, served instead to suggest poor grout bonding behavior.  The 
bottom of the form was a 6.35-mm [¼-in]-thick steel plate (similar to the tank wall) with porous 
cardboard cutouts, representing air gaps, secured to the steel plate.  The sides of the form were 
wooden 2 × 4s.  Local Reducing Grout (Walter, et al., 2010) was mixed and poured into the 
form.  After approximately 3 days of curing, the form was gently turned on its side to enable 
access to the steel plate, but the grout immediately fell out of the form.  Clearly, the grout was 
not bonded to either the steel plate with cardboard cutouts or to the wooden sides of the form.  
At this point, staff turned their attention to verifying the theory using existing mesoscale drum 
grout specimens for which there were observations of grout that had pulled away from the drum 
wall, at least at the surface (Walter, et al., 2009). 
 
Ultrasonic test results were obtained from several of the drum grout specimens within the upper, 
middle, and lower lifts.  Results are presented as the number of multiple reflections above the 
midscreen level of the oscilloscope (Figures 2-3).  Examples of ultrasonic data collected are 
shown in Figure 2-4 for inferred no-air-gap (Tank T7 middle lift) and air-gap (T6 upper lift) 
cases.  These data look very similar to illustrations shown in Figure 2-2. 
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Figure 2-2.  Illustration of the Expected Ultrasonic (UT) Signal Amplitude Data Obtained 
from a Pulse-Echo Transducer Placed on the Steel Wall with a Steel–Air Interface (Left) 

and a Steel–Grout Interface (Right) 
 
 

Figure 2-3.  Ultrasonic and Coin-Tap Test Results for Each Lift Within Five Drum 
Grout Specimens.  High Values Suggest Air Gaps and Low Values Suggest the 

Absence of Air Gaps. 
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Figure 2-4.  Ultrasonic Signal Amplitude Data Collected From Drum Grout 
Specimens With an Air Gap (Left) and Without (Right) an Air Gap (Compare With 

Schematic Illustration of Figure 2-2) 
 

As an additional analysis, coin-tap test (e.g., Hsum, et al., 2009) data (Figure 2-3) were also 
collected from the drum grout specimens.  The tap test was conducted by tapping a quarter 
(25¢ coin) on the outside surface of the drum, which yielded a damped thudding sound for the 
no-air-gap case and a hollow, higher pitched sound for the air-gap case.  This is a very 
qualitative measurement and depends heavily upon the inspector conducting the tap test.  The 
tap test is most often used to detect large debonds.  Given the qualitative nature of tap test 
results, numerical categories were selected to indicate the range of audible frequencies that 
were heard by the inspector (i.e., low frequency was assigned the value 2, intermediate 
frequency was assigned the value 4, and the higher frequency sound was assigned the 
value 6.)  The lower frequency corresponded to a no-air-gap region, while the highest frequency 
corresponded to an air-gap region.   
 
In this application, it is thought that the coin-tap test could detect cases where the grout had a 
significant air gap between the grout–tank wall and the grout.  This condition might be 
representative of large regions of honeycombing.  The ultrasonic results, meant to verify theory 
and enable a go/no-go decision for use of the ultrasonic method at the intermediate-scale grout 
monolith, agreed well with the coin-tap test and were sufficiently encouraging that staff 
proceeded with ultrasonic testing of the intermediate-scale grout monolith. 
 
2.2 Ultrasonic and Coin-Tap Test Data Acquisition From 

Intermediate-Scale Grout Monolith and Results 
 
The intermediate-scale grout monolith tank is described by Walter, et al., (2010).  The tank has 
a circumference of 19 m [62.8 ft] and its wall is composed of 0.63-cm [¼-in]-thick carbon steel.  
Thirty-six percent of the tank wall was investigated using ultrasonic testing.  The tank wall was 
gridded into four 173-cm [68-in]-long sections, each having a 5-cm × 5-cm [2-in × 2-in] grid 
pattern (Figures 2-5 through 2-8).  Ultrasonic pulse-echo data were collected using a 
Panametrics V126, 5 MHz, 0.95-cm [0.375 in]-diameter transducer.  Results are shown in 
Figures 2-5 through 2-8.  In addition to the ultrasonic tests, coin-tap tests were also performed 
to provide a qualitative indication of bonding.  The coin-tap test was performed within each grid  
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cell, as described previously for the drum specimens, and results are presented in Figures 2-5 
through 2-8. 

2.3 Destructive Testing Results 

On 1 April 201 1 , two sections of the tank wall, each approximately 0.6-m [24-in]-wide by tank 
height (see Figures 2-5 and 2-7) were cut from the tank using a rotary saw. The ultrasonic data 
suggest the wall section shown in Figure 2-5 had few air gaps, and thus it was inferred to be 
well-bonded to the grout mass. When this section was cut out, it had to be pried free from the 
grout monolith, and the effort to accomplish this took 5-10 minutes. The ultrasonic data 
suggested the section shown in Figure 2-7 had many air gaps, and thus it was inferred to be 
poorly bonded to the grout mass. When this tank wall section was cut out, it was easily pulled 
away from the grout mass, consistent with the state of being poorly bonded. Grout adjacent to 
these tank wall sections is shown in Figures 2-9 and 2-1 0. The air-gap-free section has a 
relatively smooth surface, especially in the two lower lifts. The section that had air gaps has a 
relatively rough surface, especially in the upper two lifts. 

s9swaQ9 
NoddwUveT-W 

Destructive Testing Section 

Tap Test (Air Gap) / TestDate 7FetZOl l  

NOTE A O’ in the cell meax argaps are possiblypresd / 

I l l l l l l . . l l l I l l l l l ~  D D D D D D  

Figure 2-5. Illustration of the Section One Grid on the Tank Wall Shows Cells Where an 
Air Gap Was Detected (D) Between the Tank Wall and the Grout Using Ultrasound, 

Regions Where the Coin-Tap Test Indicated Possible Air Gaps, and a Representative 
Region Free From Air Gaps That Could Be Destructively Removed for Additional 

Analysis. Grid Cells Are 5 x 5 cm2 [2 x 2 in’]. 

2-5 
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Section Two 
Nondestructive Testing Grid 

TestDate 8Feb2011 

Section Three Destructive Testing Section 
Norwk+bucdk.T*Grid 

TestOaIe 15Feb2011 

Figure 2-6. Illustration of the Section Two Grid on the Tank Wall Shows Cells Where an 
Air Gap Was Detected (D) Between the Tank Wall and the Grout Using Ultrasound 

Figure 2-7. Illustration of the Section Three Grid on the Tank Wall Shows Regions Where 
an Air Gap Was Detected (D) Between the Tank Wall and the Grout Using Ultrasound, 
Regions Where the Coin-Tap Test Indicated Possible Air Gaps, and a Representative 

Region of Air Gaps That Could Be Destructively Removed for Additional Analysis 

2-6 
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Section Four 
Nondestructive Testing Grid 

Teat Dale: 24 Mar 2011 
NOTE A "D" in the cell meana an air gap is poulbiy prosent 

Figure 2-8. Illustration of the Section Four Grid on the Tank Wall Shows Regions Where 
an Air Gap Was Detected (D) Between the Tank Wall and the Grout Using Ultrasound 

Figure 2-9. Photographs of the Grout Surface Adjacent to the Removed Tank Wall Within 
the Section One Grid (cf. Figure 2-5) 

2-7 
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Figure 2-10. Photograph of the Grout Surface Adjacent to the Removed Tank Wall Within 
the Section Three Grid (cf. Figure 2-7) 

Photographs of Section One grout regions CSF9 (Figure 2-1 1) and G W 9  (Figure 2-12) show 
that much of the surface is smooth, indicating very close, if not intimate, contact with the tank 
wall. Photographs of Section Three grout regions C89-F92 (Figure 2-1 3), G90-J95 
(Figure 2-14), A92-D98 (Figure 2-1 5), and J85-N90 (Figure 2-16) illustrate variations in surface 
condition ranging from smooth to rough. 

2.4 Surface Morphology of Excised Tank Wall Sections Using Dynamic 
Structured Light 

2.4.1 Method 

SwRl staff used DSL to examine the interior surface roughness of sections removed from the 
intermediate-scale grout monolith steel retaining wall. The DSL device, developed at SwRI, 
uses the moving shadow edge of patterned incident light to create a very high resolution digital 
elevation model (DEM) (Franke, et al., 2003). Here, horizontal resolution is approximately 
0.273 mm/pixel [0.011 in/pixel], and vertical resolution is approximately 0.0127 mm [0.0005 in]. 
As configured for this application, a single DSL DEM image covers an 18-cm [6.l-in]-tall arcuate 
swath contained within a 27.94-cm [I l-in] square footprint. Each DSL footprint is photographed 
using a digital camera. The DEMs and photographs are uniformly scaled, coregistered, and 
transformed to a rectangular coordinate system to maintain spatial fidelity. 

Within even a single DSL image, the curvature of the tank wall is much greater than the relief 
related to surface roughness, with the result that contouring of the data is dominated by the 
relief related to curvature of the tank wall. However, surface roughness was easily observed 
and well represented using digital shaded relief (DSR) models constructed using 

2-8 



DRAFT 

2-9 
 

 
Figure 2-11.  Photograph of Section One Grout Near the Base of Lift 3, Which Was 

Predicted by Ultrasonics To Be Free From Air Gaps.  Much of the Lift 3 Surface in the 
Lower Half of the Photo Is Smooth.  Near the Top, There Is More Pitting.  Evidence of 

Preexisting Grout Spatters From Prior Pours Is Observed. 
 

 
Figure 2-12.  Photograph of Section One Grout at the Top of Lift 2, Which Was Predicted 

by Ultrasonics To Be Free From Air Gaps.  Most of the Lift 2 Surface Is Smooth.  Few 
Grout Splatters Are Observed. 
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Figure 2-13.  Photograph of Section Three Grout, Which Was Predicted by Ultrasonics To 
Have Air Gaps.  Much of the Surface Is Pitted and Rough.  Evidence of Preexisting Grout 

Spatters From Prior Pours Is Observed. 

 

 
Figure 2-14.  Photograph of Section Three Grout, Which Was Predicted by Ultrasonics To 

Have Air Gaps.  Most of the Surface Is Pitted and Rough and Cracks Are Present.  The 
Dashed Outline Encloses an Area Where the Coin-Tap Test Indicated Air Gaps 

Were Present. 
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Figure 2-15.  Photograph of Section Three Grout, Which Was Predicted by Ultrasonics To 

Have Air-Gaps.  Much of the Lift 3 Area Is Rough.  However, Ultrasonics Indicated That 
the Outlined Area Was Free From Air Gaps, Even Though it too Is Rough.  Evidence of 

Preexisting Grout Spatters From Prior Pours Is Observed. 

 
 

 
Figure 2-16.  Photograph of Section Three Grout, Which Was Predicted by Ultrasonics To 
Have Air Gaps.  Lift 1 Is Smoother Than Lifts 2 and 3, and Ultrasonics Indicated That the 

Outlined Area, Which Is Smooth, Was Free From Air Gaps.  Evidence of Preexisting 
Grout Spatters From Prior Pours Is Observed Above This Level. 
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DSL-generated topography of the interior surface of the steel retaining wall (Figures 2-17 
through 2-19). 

2.4.2  Results and Observations 

Surface roughness of the interior tank wall is produced by the relative thickness of the adhering 
grout material.  Thickness of the adhering grout material generally ranges from a few millimeters 
to less than 0.1 mm [0.004 in] (Figure 2-17).  Surface roughness varies with location and 
sometimes appears to reflect grout stratigraphy (Figures 2-17 and 2-19), although not uniformly 
so [Figure 2-17(a), rows D, E, and F; Figure 2-18(a), rows C, D, E, and F].  Where tank wall 
sections have been removed, smooth surfaces are often observed along the lower portion of 
a lift. 

Grout appears to have variably bonded to the tank wall during curing, as indicated by 
observations of the interior surface of the metal tank wall, which shows that grout variably 
adheres to the wall.  Figure 2-18(b) shows two adherence patterns corresponding to grout 
spatters and bulk grout pours.  In the lower or subgrout portions of the interior tank wall, it 
appears that early grout spatters were covered during successive pours, and that in at least 
some cases, the spatter adheres better than the grout pour that covers it [Figure 2-19(b)].  
When compared with spatters adhering to the exposed tank wall [Figure 2-18(b)], the 
morphology, outline, and pattern of the covered spatters are closely similar.  It appears that 
early forming and subsequently covered grout spatter appreciably adheres to the tank wall, 
whereas the successive pours do not adhere as well to the tank wall or to the spatters.  This 
may be interpreted that even where grout adheres to the tank wall, it is possible that a 
nonbonded contact exists within a few millimeters and parallel with the tank wall, and that this 
contact may intersect the grout-to-wall interface.  This contact can act and appear as a crack, 
even though the surface or contact did not form in response to mechanical strain. 

Where grout is well-bonded to the tank wall, at least some material might be expected to remain 
on the retaining wall when a portion of that wall is removed.  Further, it is reasonable to expect 
that bonding between the grout body and the tank wall may hinder wall removal.  During 
removal of the Section Three wall segment, the plate was easily pulled away from the grout.  
Results from the ultrasonic testing (Section 2.2) indicate that there were air gaps between the 
grout and the steel plate.  Some difficulty was encountered while removing the plate cut from 
Section One.  However, close examination of the saw cuts of the plate location relative to the 
cross-tank brace indicates that some edges were not cleanly cut prior to attempting removal.  
Further, when attempts were made to lever the plate from the wall, the placement and 
application of the leverage tended to lock the plate in position rather than pry it from the wall.  It 
is possible that the effort required to remove the plate was more a product of the removal 
method than of bond strength. 

Observations from DSL and photographic imagery of the interior tank wall and of the exposed 
grout may be interpreted to show that in some areas with little evidence of bonding, it is evident 
that the grout was in contact with the retaining wall in many locations.  It may be that, although 
the grout did not adhere or bond to the tank wall, contact between the tank wall and grout was 
sufficient to cause some nondestructive evaluation test results to be interpreted as bonded. 
 
2.5 Conclusions 

 
Based upon comparison of the ultrasonic inspection results with the destructive testing of two 
sections of the intermediate-scale grout monolith’s tank wall, it appears that the zero degree,  
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Figure 2-17(a).  Dynamic Structured Light Data, Presented as DSR of a Portion of the 
Upper Lift (Lift 3) Exposed on the Interior Surface of the Section One Steel Tank Wall 

(See Figure 2-11).  Ultrasonic Testing Predicted the Relatively Smooth Area Bounded by 
the Dashed Lines To Have Air Gaps; Relatively Rough Areas Above and Below Were 

Predicted To Be Free From Air Gaps.  Rough Areas Correlate to the Pitting Described in 
Figure 2-11.  Maximum Vertical Relief of Grout Remnants Is Approximately 2 mm [0.078 
in] Relative to the Surface of the Steel Plate.  Observe That Column Order Is Reversed 

Compared With Figure 2-11; the Inner Surface of the Tank Wall Presents a Mirror Image 
of the Exposed Grout Wall.  The Faint Horizontal (Middle of Image) and Vertical (Center 

Right) Linear Features Were Guidelines Lightly Drawn on the Tank Wall With Soapstone; 
the Intersection Is Highlighted With a Paint Marker [See Figure 2-17(b)].  The Lines Do 

Not Correspond to Nondestructive Evaluation Sampling Grids.  Drawn Prior to Collecting 
DSL Data, the Marks Visible in the DSR Attest to the Method’s Sensitivity.
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Figure 2-17(b).  Digital Photograph of the Mirror Image Area Shown in Figure 2-11 and the 
Area Shown in Figure 2-17(a).  Area Bounded by Dashed Lines Is as In Figure 2-17a.  

Surface Roughness Illustrated in Figure 2-17(a) Appears as Thin Coatings of Grout ~≤ 
2 mm [0.078 in] Thick That Remain Bonded to the Steel Tank Wall.  Smooth Areas Appear 

as Grey Mottling With a Dark Red Undertone.  The Grey Mottling Is Interpreted To Be a 
Thin Film of Grout Particles; the Dark Red Undertone Is Interpreted as the Original 

Antirust Red Coating of the Tank Wall and as Oxidation of the Tank Wall.  Maximum 
Relief of the Mottled Areas Is Approximately 0.1 mm [0.039 in] Relative to the Surface of 

the Steel Plate. 
 

 

 

 

 



DRAFT 

2-15 
 

Figure 2-18(a).  DSR Mosaic of a Portion of the Interior Surface of the Section Three Wall.  
Areas of no Data Show a Semi-Transparent Version of the Photomosaic Shown in 

Figure 2-18(b).  Figure 2-18(a) Incorporates the Area of Figure 2-13 (Dashed Black Line), 
and Portions of Figures 2-14 and 2-15 (Black Lines as Labeled).  Dashed Blue Lines 

Encompass Areas Predicted by Ultrasonic Testing To Have Air Gaps.  Dashed Green 
Lines Show Areas Predicted by Coin-Tap Testing To Have Air Gaps.  The DSR Shows 
This Portion of the Tank Wall To Be Generally Rough, With Little or no Difference in 
Appearance Relative to Ultrasonic Testing Results.  Smooth Areas Exist as Isolated 

Patches.  Smooth Areas Appear To Be Most Common in the Lower Portion of the DSR 
(Rows E, F, And G).  Rows A–F Show Lift 3, and Row G Shows the Uppermost Portion of 
Lift 2.  Row G Also Contains the Only Area Predicted by the Coin-Tap Method To Have an 

Air Gap.  The Uppermost Portion of the Image, Above Row A, Shows a Portion of the 
Spattered Tank Wall That Is Located Above the Surface of the Monolith [See 

Figure 2-18(b)]. 
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Figure 2-18(b).  Digital Photomosaic of Area Shown in Figure 2-18(a).  Topographic Relief 
and Color Pattern Is Similar to Those Described in Figure 2-17. 

 

 

 

 

 

 



DRAFT 

2-17 
 

 

Figure 2-19(a).  DSR Mosaic of a Portion of the Interior Surface of the Section Three Steel 
Tank Wall, Including Portions of the Area Shown In Figure 2-16.  Areas of no Data Show a 
Semi-Transparent Version of the Photomosaic Shown in Figure 2-19(b).  The Area Within 

the Dashed Blue Line Is Predicted by Ultrasonic Testing To Have an Air Gap; the 
Remaining Area Was Predicted To Be Free From Air Gaps.  The Area Is Commonly 

Smooth, With Rough Areas in Rows J And M.  The DSR Shows the Area Predicted To Be 
Not Bonded (Dashed Blue Rectangle) Is Relatively Smooth, With Very Small Topographic 
Relief.  Soapstone-Inscribed Guidelines, As Described in Figure 2-17 Are Clearly Visible.
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Figure 2-19(b).  Digital Photomosaic of Area Shown in Figure 2-19a.  Topographic Relief 
and Color Pattern Is Similar to That Described in Figure 2-17.  At Least Some 

Light-Colored Mottling Appear To Be Remnant Spatter Marks, Particularly in Rows J–M.  
Soapstone-Inscribed Guidelines, as Described In Figure 2-17 Are Clearly Visible.
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longitudinal ultrasonic technique provided a good means to determine whether the interface 
between the grout and the tank wall was affected by the presence of an air gap.  While the 
presence of an air gap is strongly suggestive of a debonded condition, the lack of an air gap 
does not conclusively prove that an adequate bond exists between the grout and the tank liner 
or wall.  Because the coin-tap test is only capable of identifying larger voids, this test method did 
not prove reliable for detecting small air gaps that were positively identified by the ultrasonic 
method, but it was useful for identifying the presence of near-surface air gaps located behind 
near-vertical cracks at the grout–tank wall interface (see Section 3.4 for discussion of two 
such cracks). 
 
Results from DSL coupled with photographic methods give insight into the nature of the 
interface between tank wall and grout.  Observations indicate that bonding of the grout to the 
tank wall is not uniform.  Grout spatter sometimes adheres well to the tank wall and sometimes 
remains with the grout mass.  Although spatter can adhere to the tank wall, the bulk grout mass 
that was later poured over the spatter may not adhere well to the spatter, resulting in a vertical 
discontinuity within a few millimeters of the tank wall.  Though not a crack sensu stricto, the 
discontinuity may appear and act as would a crack. 

 

 




