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Abstract

There are conflicting views in the literature concerning the optimum moisture state for an
existing substrate prior to the application of a repair material. Both saturated-surface-dry (SSD)
and dry substrates have been found to be preferable in a variety of studies. One confounding factor
is that some studies evaluate bonding of the repair material to the substrate via pull-off (direct
tension) testing, while others have employed some form of shear specimens as their preferred
testing configuration. Available evidence suggests that dry substrate specimens usually perform
equivalently or better in shear testing, while SSD ones generally exhibit higher bond strengths
when a pull-off test is performed, although exceptions to these trends have been observed. This
paper applies a variety of microstructural characterization tools to investigate the interfacial
microstructure that develops when a fresh repair material is applied to either a dry or SSD
substrate. Simultaneous neutron and X-ray radiography are employed to observe the dynamic
microstructural rearrangements that occur at this interface during the first 4 h of curing. Based on
the differences in water movement and densification (particle compaction) that occur for the dry
and SSD specimens, respectively, a hypothesis is formulated as to why different bond tests may
favor one moisture state over the other, also dependent on their surface roughness. It is suggested
that the compaction of particles at a dry substrate surface may increase the frictional resistance
when tested under slant shear loading, but contribute relatively little to the bonding when the
interface is submitted to pull-off forces. For maximizing bond performance, the fluidity of the
repair material and the roughness and moisture state of the substrate must all be given adequate
consideration.
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Introduction

As concrete continues to be the most widely used construction material on Earth, the needs
for repair of existing concrete structures continue to expand. One critical issue in applying a repair
material (RM) to an existing concrete substrate is the bond that is developed between the new and
original materials. As stresses concentrate at this interface during service (due to potential elastic
modulus and/or coefficient of thermal expansion mismatches and drying gradients, for example),
the bond strength must be sufficient to resist curling, delamination, cracking, and spalling.
Therefore, extensive recommendations concerning the preparation of the existing concrete surface
prior to the application of the RMs have been developed [1-3]. While the role of surface roughness
in promoting bond has been evaluated and is relatively better understood [4,5], that of the moisture
content of the existing concrete substrate remains controversial [1-3,6-14]. Some authors claim
that a dry substrate should be employed, as wetting the surface offers no improvement in measured
bond strength and is in fact sometimes detrimental [3,6,9-10,13], others assert that a saturated-
surface-dry (SSD) surface produces a superior bond and microstructure [3,11,12,14], and a third
group promotes a saturation level for the surface of the existing concrete substrate of between
50 % and 90 % as being optimal for bonding [1,8].

From a theoretical viewpoint, arguments can be made for both dry and wet moisture states
of the existing substrate surface as being superior. If the existing substrate surface is dry when the
fresh RM is applied, it will absorb moisture from the RM, locally densifying the microstructure
near the interface and potentially creating a lock-and-key type structure at the existing substrate
surface, as individual particles within the RM mixture could be drawn into the nooks and crannies
of the roughened substrate surface. This scenario presumes that the fresh RM itself is sufficiently
fluid to flow into the nooks and crannies. After proper curing, this densified layer will potentially
provide a stronger bond between repair and existing material, leading to failure under tensile or
shear loading either within the bulk of the RM or the existing concrete, but not at the interfacial
bond between the two. Conversely, if too much water is removed from the RM at the interface
during this sorption process, insufficient water for the complete hydration of the cementitious
component of the RM (and its accompanying strength development) may remain [13]. This may
lead to a weak layer of (mostly unhydrated) RM being present at the interface that will become the
site of premature failure upon loading under either tension or shear conditions. Such performance
would not typically be expected if the existing substrate were prepared to be SSD prior to the
application of the repair, effectively minimizing subsequent moisture transfer across the interface,
while still perhaps aiding in consolidation of the fresh RM at this interface.

The bonding performance of RMs can be evaluated under different loading
conditions [15-20], with (slant) shear and pull-off (direct tension) being two of the more common
configurations (Figure 1). Using different test methods on the nominally same materials can
produce measured bond strengths that vary by up to a factor of 8 [17]. Furthermore, there are some
indications that the influence of surface moisture on bond performance depends on whether the
test is assessing the shear or the tensile strength of the interface [8]. Results obtained by the present
authors [10,14] have also highlighted this difference, with slant shear testing usually indicating
that dry specimens produce stronger bonding, while the converse is generally true for pull-off
testing. Of course, it must be recognized that these past studies were conducted using different
substrate materials, even when a subset of the RMs were identical. The objective of the present
paper is to examine this performance difference in some detail, particularly with respect to its



relationship to the microstructure formed within the interfacial region as a function of the substrate
moisture state (and surface roughness as a secondary variable).
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Figure 1. Schematic of differences in pull-off test vs. slant shear test with respect to directions of
gravity and loading.

In pursuit of this objective, the present study includes simultaneous neutron and X-ray
radiographic imaging during the hardening of a fresh RM applied to either a dry (conditioned
at 50 % relative humidity [RH]) or SSD mortar substrate, with the substrate being characterized
further by having either a cast or a cut top surface. X-ray absorption increases with increasing
atomic number, Z, and in cement-based materials is generally proportional to the local density of
the materials (solids>liquids>gas). In cement-based materials, the absorption of neutrons is mostly
influenced by the presence of hydrogen atoms, with capillary pores filled with solution being the
primary absorber, followed by gel hydration products. Neutron and X-ray radiography and
tomography have been used in the past to examine water movement during hardening of RMs [12],
salt solution absorption by dry mortars [21], the early-age drying of tile adhesive mortars [22,23],
internal curing with lightweight aggregates [24,25], and interfacial transition zone (ITZ)
microstructure in concrete prepared with recycled concrete aggregates of various saturation
states [26], among other applications. In [12], X-ray tomography was utilized to observe
microstructural changes during the hardening of a freshly applied RM. Key observations included
the transport of water across the RM-existing substrate interface with a penetration of tens of mm
into the substrate, and the concurrent formation of air voids within the RM near the interface.
However, one caveat of their study was that the dry specimens were prepared by drying in an oven
at 105 °C to a constant mass to create a “zero initial moisture content” [12], which may have
induced some damage prior to the application of the RM and produced a dry material state unlikely
to be encountered for a real substrate in a typical field application. Previous X-ray studies on fresh
cementitious tile mortar adhesives have also indicated the growth and coalescence of air voids
during the hardening/drying of these materials, when the fresh materials were exposed to a nominal
23 °C, 50 % RH environment within the X-ray microtomography chamber [23].

Another interesting observation from the tile adhesive mortar experiments in [22] is that
during drying, small cement particles may be carried by the “flow” of solution that occurs towards
the (top) drying surface within the specimen, so that they become concentrated at this exposed



surface. For tile adhesive mortars, this effect is exacerbated by the uncommonly high viscosity of
their pore solutions (about 1 Pa-s vs. about 0.001 Pa-s for water), due to the addition of cellulose
ethers and/or other viscosity-modifying admixtures [22]. This leads to the question of whether
moisture transport from a RM to a dry substrate may also be accompanied by microstructural
modifications within the RM near the interface, such as settling of particles and densification of
the local microstructure. This topic has been considered previously by Miller and Zilch [27], who
pointed out the importance of particle packing at the interface when new concrete is applied to old,
based on both experimental measurements and modeling conducted using the CEMHYD3D
hydration model.

Materials and Methods

During the course of this study, various specimens were prepared and evaluated at two
different laboratories, namely the Federal Highway Administration (FHWA) and the National
Institute of Standards and Technology (NIST). Table 1 provides a summary of the specimens and
testing conditions utilized at each location.

Table 1. Summary of specimens and testing conditions employed at the two laboratories.

Specimen Lab Substrate Substrate - | Substrate - wet Test performed
Type dry condition
condition
Slant shear | FHWA | w/c=0.35 concrete 50 % RH, Limewater ASTM
(sandblasted surface) 23°C 23°C C882/C882M-13a
Slant shear NIST w/c=0.4 mortar 50 % RH, Limewater ASTM
(ICRI CSP-1 &5) 23°C 23°C C882/C882M-13a
Pull-off FHWA | w/c=0.35 concrete 50 % RH, Tap water ASTM C1583
(aggregate exposed) 23°C soaked for 24 h
Pull-off NIST w/c=0.5 concrete 50 % RH, Wet burlap for Draft ASTM test
(smooth surface) 23°C 24 h method (no coring)
“L” specimen | NIST/ | w/c=0.4 mortar (cast | 50 % RH, Limewater Neutron & X-ray
of RM NCNR and cut surfaces) 23°C 23°C radiography

At the FHWA laboratory, an ordinary portland cement, ASTM C150-16 Type I/1l, with a
manufacturer-reported Blaine fineness of 382 m?/kg and density of 3070 kg/m3, was used to
prepare a concrete with exposed aggregates to serve as the existing substrate [14], with the fine
aggregate (FA) being an ordinary river sand (apparent specific gravity of 2.59) and the coarse
aggregate (CA) being a dolomitic limestone (apparent specific gravity of 2.85). Dolomitic
limestone aggregates have been observed to provide good bonding to paste and high strengths
(compressive, flexural, and splitting tensile) and elastic modulus in both ordinary portland cement
and ternary blend (cement, fly ash, and fine limestone) concretes in a recent joint NIST/FHWA
study of the influence of aggregate characteristics on concrete performance [28]. For the present
study, the concrete mixture was developed with a water-to-cement ratio (w/c) of 0.35 by mass,
cement:FA:CA ratio of 1:1.7:2.5 (by mass), a minimum slump of 76 mm (3 in.) (achieved by using
a high-range water reducer), and a targeted 28-d compressive strength of 55 MPa (8000 psi) [14].
The moisture absorptions of the fine and coarse aggregates were 1.27 % and 0.36 %, respectively;
they were added to the concrete mixture in oven-dry conditions and the mix water was adjusted
accordingly. Following conventional practices, a commercially-available in-form retarder was



applied to the top (cast) concrete surface so that the coarse aggregate could be easily exposed by
pressure washing the concrete surface at an age of 24 h. From visual observation, the roughness
obtained by this preparation method would exceed that of the profile of an International Concrete
Repair Institute (ICRI) CSP-10 surface profile chip® (the CSP-10 having the highest roughness of
the set). The concrete specimens were cured for 14 d at laboratory conditions of 23°C £ 2 °C,
50% =5 % RH, except for the SSD specimens whose exposed aggregate surfaces were soaked
with tap water during the last 24 h of the 14-d curing period, and subsequently manually dried with
paper towels to provide an SSD-type surface. After the 14-d curing period, the RM were poured
over the exposed aggregate concrete surface and consolidated using a manual vibrator.

Two commercially-available ‘non-shrink’ cementitious grouts were used in the study at
FHWA, labelled here as RM A (“a one-component, shrinkage-compensated, fiber-reinforced
product that contains an integral corrosion inhibitor””) and RM B. Each RM is supplied in a bag
containing the solids fraction (e.g., cementitious materials, additives, and fine aggregates); this
blend is subsequently mixed with a certain amount of water following the manufacturers’
recommendations. For grout applications, RM A requires a water-to-solids ratio (w/s) of 0.16 by
mass and per the manufacturer’s specification sheet, produces a 28-d compressive strength
of 62 MPa (9000 psi), whereas RM B requires a w/s of 0.17 and produces a 28-d compressive
strength of 48 MPa (7000 psi).

For experiments conducted at NIST, the existing substrate consisted of a w/c=0.4 mortar
prepared using a Type I/11 ordinary portland cement, with 55 % by volume sand (a blend of four
commercially available silica sands with minimal absorption). Mortar substrates were prepared in
cylindrical molds, by casting against a Poly(1,1,2,2-tetrafluoroethylene) (PTFE) bottom half-
specimen substrate, and demolded after 1 d. These specimens were subsequently cured in
limewater for a minimum of 28 d before being used to prepare slant shear specimens with one of
two RMs [10]. One day prior to the application of the RMs, the existing mortar substrates were
roughened using a grinding wheel to approximately match the profile of an ICRI CSP-5
“roughness” surface profile chip. SSD substrates were returned to their limewater curing following
the roughening, while dry specimens were stored in air at 23 °C £ 2 °C, 50 % £ 5 % RH overnight.
For two experiments, the mortar specimens were not roughened at all, retaining their relatively
smooth cast surface (since they were cast against PTFE), visually corresponding to the roughness
of an ICRI CSP-1 chip.

One of the RMs used at NIST was RM A, but with a w/s of 0.13 (repair application,
measured 28-d compressive strength of 91 MPa [10]), while the other (RM C, a “one-component,
pre-packaged, ready-to-use, cementitious, silica fume, fiber-reinforced, high strength shrinkage-
compensated mortar”) requires a w/s of 0.135 and produces a 28-d compressive strength
of 69 MPa (10000 psi). The manufacturer-reported 28-d slant shear strengths for RM A and RM C
are 20.7 MPa and greater than 24.1 MPa, respectively. For a few of the RM A and RM C mixtures,
internal curing was provided either via pre-wetted lightweight aggregates (LWA) or a
superabsorbent polymer-coated sand (PCS), as described in detail in reference [10].

At NIST, the RMs were prepared in a three-speed planetary mixer meeting the
requirements of ASTM C305 [29] by first mixing the dry powders with about 80 % of the total
mixing water on low speed for 30 s and then adding the remaining water during 30 s of additional
mixing on low speed. The mixing speed was immediately changed to intermediate for an additional

! Certain commercial products are identified in this paper to specify the materials used and the procedures employed.
In no case does such identification imply endorsement or recommendation by NIST, FHWA, or SES Group &
Associates, nor does it indicate that the products are necessarily the best available for the purpose.



30 s of mixing, followed by a rest period of 90 s (during the first 30 s of which the sides of the
mixing bow! were scraped down) and a final mixing period of 60 s on intermediate speed [10].
The prepared materials were immediately cast into the slant shear specimen molds, with the
existing mortar substrate specimens serving as the bottom half of each specimen. The slant shear
specimens were demolded after 1 d and subsequently stored in a23°C+2°C, >98% RH
environment until the time of testing (at 7 d to 35 d). Slant shear testing was conducted following
the protocols of ASTM C882/C882M-13a [30].

For RM C, a few pull-off test specimens were prepared at NIST as part of an evaluation of
the newly proposed ASTM Standard Test Method for Evaluating the Adhesion (pull-off) Strength
of Concrete Repair and Overlay Mortar. Here, a rubber mat template of 50-mm circular holes is
placed on a concrete surface and 12 mm thick “hockey pucks” of the fresh RM are placed in each
hole. After 1 d of curing, the rubber mat is removed and the RM pucks are tested for their pull-off
strength at various ages using a commercially-available testing apparatus, without the need for
coring through the RM and into the concrete substrate. The 100-mm thick concrete slab used for
testing is based on an International Organization for Standardization (1ISO) standard requiring a
measured pull-off (cohesive) strength of at least 1.5 N/mm? and a 4-h surface water absorption in
the range of 0.5 cm? to 1.5 cm?®. Several concrete slabs meeting this specification were prepared at
NIST for use with RM C and pull-off strengths were measured after 7 d and 28 d both for a dry
(lab at 50 % RH) concrete substrate and for one that had been covered with wet burlap for 24 h
prior to application of the RM. Since this testing was conducted on a cast concrete surface, the
surface was quite smooth and would correspond to an ICRI CSP-1 or CSP-2 chip. At FHWA, pull-
off (tension) testing was conducted using the same testing apparatus as at NIST, but after first
coring the composite specimen through the repair layer and a sufficient depth into the substrate, as
per the instructions of ASTM C1583 [31].

In addition to the slant shear specimens, small L-shaped specimens of the existing substrate
mortar were prepared and cured for a minimum of 28 d to be used in the neutron and X-ray
radiography experiments. For a portion of these specimens, the top 1 mm was removed using a
diamond-blade laboratory saw with water as the lubricant. The cross section of these specimens
measured 15 mm by 15 mm with an overall height of 35 mm and length of 23 mm (see Figure 2).
After cutting some of the specimens, specimens were further divided into two groups. The first
was stored in limewater at 23 °C £ 2 °C to provide a saturated (SSD) specimen for the subsequent
radiography experiments. The second was stored at 23 °C 2 °C and 50 % + 5 % RH to provide a
dry specimen for the radiography experiments. Samples stored in limewater gained about 1 % mass
during their storage, due to water imbibition to balance the ongoing chemical shrinkage that
accompanies cement hydration [32]; while those dried at 50 % RH lost about 1.5% of their
nominal 25 g mass. In comparison, for the slant shear specimens, mass gains when stored in
limewater and mass losses when dried overnight were both on the order of 0.5 %.



Figure 2. Photograph of typical L-shaped specimens with surrounding PTFE form (left) and with
cut top surface (right) used for the radiography experiments conducted at the NIST Center for
Neutron Research.

In preparation for the application of RM C during these experiments, the top portion of
each L-specimen was surrounded by thin PTFE forms, to support and seal the applied RM while
minimizing both X-ray and neutron absorption (Figure 2). Prior to exposure in the neutron and
X-ray beams and application of RM C, the forms were further sealed with an exterior layer of
aluminum tape. After application of the RM, a piece of aluminum tape was attached loosely across
the (open) top of the forms to minimize evaporation from the RM layer during the subsequent 4 h
exposure in the neutron/X-ray beams. After first imaging the substrates with their attached forms
(empty), RM C was prepared using the same mixture proportions as used for the slant shear
specimens with a powder mass of 350 g, but using a hand (kitchen) mixer with a total mixing time
of 2 min. After first resaturating the SSD mortar surface with a few drops of distilled water, this
RM was applied to the top surface of both substrates to fill their forms, using a small metal spatula.

Acquisition of radiographic (through transmission) images using both neutron and X-ray
sources commenced immediately after application of the RM. Two separate experiments were
conducted on different days. A 4 h exposure was conducted on a pair of cut surface specimens,
one SSD and the other dry (exposed to 50 % RH). On a second day, a 4 h exposure was conducted
on a similar pair of specimens, but this time with cast surfaces. Details of the NIST Center for
Neutron Research (NCNR) neutron imaging facility’s neutron imaging procedures can be found
elsewhere [21]. The present study took advantage of a newly added X-ray source that is mounted
at a 90° angle with respect to the direction of the neutron beam [33]. As opposed to performing
tomography (spinning the specimens), a time sequence of neutron and X-ray radiographic images
was acquired, each with 30 s exposures. The X-ray source was set at a voltage of 90 kV and a
power of 80 W. Images were obtained with a pixel size of 15 um by 15 um. Obtained images were
processed, including dark and flat field corrections, registered to the empty form images, and
median-filtered in sets of three using the NIFImage image analysis package [34]. ImageJ [35] was
used for subsequent processing that included image division (to compare initial and final images),
image rotation, histogram equalization, and color addition via a heat map lookup table.

Results and Discussion
Adhesion Testing

A summary of pull-off testing results is provided in Table 2, while those for slant shear
specimens are given in Table 3. The statistical significance (t-test, 0.05 significance level) of any



differences between wet (SSD or immersed) and dry (no added moisture) conditions is indicated
in a separate column in the tables. In Table 3, the measured values generally lie close to the
manufacturers’ specifications given earlier. While most differences are not statistically significant,
the general trends indicate that SSD conditions provide higher bond strength values than dry
conditions for pull-off testing, while the converse is true in 11 out of 15 cases for slant shear testing
(the four cases where this was not the case are highlighted in grey in Table 3). Similar results have
been presented in reference [8]. Here, it is suggested that these differences may be due to the local
microstructure formed at the interface between the RM and the substrate under SSD vs. dry
conditions.

Table 2. Results of pull-off testing (SSD vs. no added moisture) for various RMs

Material | Age attest (d) | SSD (MPa) | No added moisture (MPa) | toos Reference
2 2.68+£0.44 1.90+£0.40 N
RM A
14 3.46 £0.50 2.77+£0.25 Y 14
RM B 2 2.74+£0.42 1.82+0.12 Y [14]
14 3.18+0.36 2.06 £0.57 Y
RM C 7 0.42+0.19 0.26 £0.03 N Proposed ASTM test
28 1.13+0.69 0.30+0.09 N | method; this study [NIST]
Table 3. Results of slant shear testing (immersed vs. dried for 24 h) for various RMs
Material Age at test Immersed Dried for 24 h to.0s Reference
(d) (MPa) (MPa)
7 21.6+5.74 239121 N
RMC 35 25.6 26.3 N.A.
7 16.8+1.0 195+45 N
RM C wiLWA 35 241+16 193 N.A. [10]
7 18.1+2.2 194+24 Y
RM € w/PCS 35 10.0+4.2 20.1+2.2 N
RM C (expired) 28 10.0£0.9 21.0+£3.8 Y this study [NIST]
7 20.2+£1.6 23.3+29 N
RM A 35 255+0.2 30.9+1.8 N [10]
7 21.7+£0.2 24.3+1.2 N
RM A W/LWA 35 31.3%£0.6 285+£0.1 Y
RM A 28 246+1.1 33.7+0.6 Y this study [NIST]
RM A smooth 34 12.9+0.8 11.8 N.A. .
(cast) surface 28 11.8+0.8 13.9+20 N | s study [NIST]
RM A 14 144£02 140£0.7 N this study [FHWA]
sandblasted T T

Alndicates + one standard deviation for testing of two or three specimens. When no value is given, only one
specimen was tested.

Figures 3 and 4 provide some direct visual evidence of these differences. As shown in
Figure 3, when pull-off testing is performed, it is the wet substrate specimens that exhibit more
patches of the concrete substrate remaining adhered to the repair material. Conversely, for slant
shear specimens, as shown in Figure 4, one can observe isolated patches of well-adhered material
on the specimens that were applied to a dry mortar substrate, while both surfaces of the slant shear
specimens appear relatively free of bonded patches when the substrate is prepared under SSD



conditions. The results in Tables 2 and 3 also indicate the importance of surface roughness in
increasing bonding, as the specimens prepared with a smooth (as cast) surface generally exhibited
slant shear strengths that were less than % of those typically obtained when manually roughening
the surface to an ICRI CSP-5 profile and pull-off strengths that were significantly less than those
of the exposed aggregate concrete substrate, in general agreement with the results presented
in [14].

Figure 3. Photo of wet (left) and dry (right) pull-off test specimens for tests performed at
NIST based on the newly proposed ASTM standard test method. The glossy white material is
concrete that has adhered to the repair material specimen.

X-ray and Neutron Radiography Experiments

The X-ray and neutron radiography experiments were conducted to better understand the
microstructural changes occurring at the RM-substrate interface. Processed images obtained by
dividing the initial (just after the RM was applied) by the final (after 4 h of curing) image and color
coding the result with a heat map lookup table (LUT) are provided in Figures 5 and 6 for the
neutron and X-ray radiography results, respectively. The neutron imaging is particularly sensitive
to the movement of water in these systems, while the X-ray imaging should provide a more general
indication of changes in density due to both water and particle movement during the initial curing.

Figure 5 indicates significantly more water movement into the dry substrate specimen than
into the SSD one for both cut and cast surfaces, as can be expected. In fact, little if any absorption
of water is indicated for the SSD specimens, whether cut or cast surfaces. There is also more water
movement into the cut surface specimen than into the cast surface, with the former showing a
primary depth of water penetration of approximately 2.5 mm during the 4 h experiment. Within
the RM itself, some minor local movement of water (wetting/drying) is indicated by the random
patterns of various shades of green and blue.

Figure 6 indicates relatively minor changes in the overall density of the materials during
the 4 h curing period. While the X-ray image does provide some indication of a densification near
the top of the dry cut substrate specimen due to water imbibition, the water movement into it from
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Figure 4. Photographs of representative dry and wet specimens after slant shear testing at 28 d for RM A. In each case, the RM half
specimen is on the left side of the photo. The white patches (mostly in the top images) indicate where one material has adhered to the
other surface.
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Dry-cut SSD-cut Dry-cast SSD-cast
Figure 5. Processed neutron radiography images (initial divided by final) for RMs applied to
mortar substrates with cut (left) and cast (right) surfaces. In each image, dry substrate is on the
left and SSD one is on the right. Red/orange indicates areas where neutron absorption has
increased (wetting), while dark blue indicates regions where some drying has occurred.
Specimens are 15 mm wide. Boxes in center of left image indicate approximate locations of
regions of interest (ROI) selected for further analysis in Figures 8 and 9.

B W Densification

Dry-cut SSD-cut Dry-cast SSD-cast
Figure 6. Processed X-ray radiography images (initial divided by final) for RMs (top) applied to
mortar substrates with cut (left) and cast (right) surfaces. In each image, dry substrate is on the
left and SSD one is on the right. Red/orange/yellow indicates areas where X-ray absorption has
increased, which suggests densification.



the fresh RM is better detected by the neutrons (Figure 5), as water is the least dense (lowest X-ray
absorption) of the non-air components of the substrate. If there is additional densification of the
RM at the dry surfaces of the mortar, it is not visually apparent in the X-ray images in Figure 6,
requiring further analysis of the data.

To provide an alternate view of the results, Figure 7 focuses on the cut surface specimens
and shows the ratio of the empty (before RM application) to the final images for both the X-ray
and neutron radiography data sets. While a random pattern of red/orange/yellow is to be expected
upon application of a layer of fresh RM (increasing both neutron and X-ray absorption), there are
several distinct features that violate this general pattern. At the very top surface of both specimens,
there is a thin layer with a relatively high X-ray and relatively low neutron absorption signal. This
likely corresponds to a layer at the top exposed surface where some drying-induced compaction
has occurred, as water removal has weakened the neutron signal, while the accompanying local
particle densification has increased the absorption of X-rays. For the dry-cut surface specimen,
there is also an indication of a distinctly denser (and wetter) layer right at the RM-mortar interface.
The measured thickness of this layer is only about 0.3 mm. Conversely, for the SSD specimen,
this interface is less dense (see X-ray image in Figure 7) than the bulk of the RM, as would be
expected due to parking/packing considerations at a flat surface, where a higher porosity (less
dense) region with a thickness equivalent to several median particle diameters will generally
exist [24,36-37]. For the dry specimen, it is hypothesized that water absorption by the dry substrate
produces a layer of increased neutron absorption and the accompanying local densification of
solids produces an adjacent layer of increased X-ray absorption, consistent with the images in
Figure 7.

Dry-cut  X-ray = SSD-cut Dry-cut Neutron  SSD-cut
Figure 7. Processed X-ray (left) and neutron (right) radiography images (empty divided by final)
for RMs (top) applied to cut mortar substrates. In each image, dry substrate is on the left and
SSD one is on the right. Red/yellow/green indicates areas where X-ray or neutron absorption has
increased, mainly due to the addition of the RM layer. The neutron and X-ray images were
acquired at a 90 ° angle with respect to one another, prohibiting a direct one-to-one comparison.



This hypothesis is analyzed in more detail in Figures 8 and 9 which show average profile
plots obtained from a central ROl region 6.5 mm wide that varied in height between 12.6 mm
and 13 mm, as shown in Figure 5, of the composite specimen for the dry and SSD substrates,
respectively. After image division and histogram equalization, the data values in Figure 5 range
from 0 to 65,535 (16-bit image), with a midpoint value of 32,767 nominally indicating no change
from the initial to the final image. The results in Figure 8 confirm the visual observations
previously made from Figures 5 to 7. For the substrate, an increase in moisture content is indicated
by both the neutron and X-ray profiles, with the neutrons being more sensitive (higher slope and
higher values) to this wetting. For both signals, the primary wetting front extends from 6.6 mm to
9 mm, or about the same as the 2.5 mm measured on the dry cast specimen in Figure 5. However,
it should also be pointed out that the signals for both neutrons and X-rays from 9 mm to 12.6 mm
are well above the midpoint value of 32,767, indicating that some water has penetrated to this
depth as well. Similarly, the neutron signal for the RM is well below 32,767 throughout the ROI,
indicating a water loss from the entire region of the RM contained within this selected region. At
early ages, water flows freely throughout the entire thickness of a thin layer of cement-based
material, without the presence of the sharp (drying) front that is generally observed in hardened
systems [38].
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Figure 8. Profile plots for relative changes in neutron and X-ray absorption from initial
application of RM until 4 h of curing. Image was 16-bit, hence signal range is from 0 to 65,535.
RM(0-6.6 mm)/dry cut substrate (6.6 mm to 12.6 mm) interface is located at 6.6 mm. Solid black
lines indicate the average values measured for neutrons from 0 mm to 6 mm and 9 mm to 12.6
mm, respectively, and for X-rays from 0 mm to 6 mm and 9 mm to 12.6 mm, respectively.
Coefficients of variation for neutron and X-ray signals (moving across ROI) were calculated to
be 20 % and 25 %, respectively.

Two more subtle trends are observed for the neutron and X-ray profiles for the RM portion
of the specimen in Figure 8. For the neutron signals, greater water loss is indicated from the upper
portion of the RM specimen (0 mm to 3 mm) relative to that from the lower portion (3 mm
to 6 mm) within the ROI, when comparing their local signals to the “average” value indicated by
one of the black lines in Figure 8. A similar analysis of the X-ray signal indicates a densification
of the RM immediately adjacent to the dry substrate, specifically within about 1 mm. In this case,
the neutron signal is decreasing slightly within the RM adjacent to the interface, consistent with
the density increase being primarily due to the replacement of water (that was drawn into the
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Figure 9. Profile plots for relative changes in neutron and X-ray absorption from initial
application of RM until 4 h of curing. Image was 16-bit, hence signal range is from 0 to 65,535.
RM/SSD cut substrate interface is located at about 6.5 mm. Solid black lines indicate the average

values measured for neutrons from 0 mm to 6 mm and 8 mm to 13 mm, respectively, and for
X-rays from 0 mm to 6 mm and 8 mm to 13 mm, respectively. In the latter case, these average
values are nearly identical. Coefficients of variation for neutron and X-ray signals (across ROI)
were calculated to be 28 % and 30 %, respectively.

substrate) by solid particles from the RM. For the case of the SSD substrate, as shown in Figure 9,
there is much less difference in the neutron and X-ray signals between the RM and the substrate.
The neutron data indicates that minor drying of the RM has occurred during its 4 h exposure, likely
due to the sealing at the top of the PTFE/aluminum tape forms not being perfect. Basically, no
change in either the density or the water content of the substrate is observed beyond a slight wetting
at the very top surface. Similarly, the density of the RM is uniform except for a slight densification
at the interface, consistent with a compaction of particles [24,36-37] accompanying the minor
wetting of the substrate. Taken as a whole, the neutron and X-ray radiography results show that
for these small mortar specimens, the microstructural rearrangement at the RM/substrate interface
is quite different in the cases of dry and SSD substrates.

Scanning Electron Microscopy (SEM) Analysis

Previously, SEM analysis of the interfaces between RM and existing concrete substrates
have been conducted by Beushausen et al. [13] and by De la Varga et al. [14]. In the former case,
a drier substrate produced an overlay transition zone (OTZ) with lower porosity and a higher
unhydrated cement content. This would imply a denser/drier interface that would be characterized
by an increase in X-ray absorption and a reduction in neutron absorption, consistent with the results
obtained here and presented in Figures 8 and 9. In the latter case, Figure 10 presents that group’s
measurements of phase fractions within the RM as a function of distance from the interface for
RM in contact with only the paste portions of the concrete substrate, for both dry (Control) and
SSD concrete surfaces. Clear differences are observed, with higher proportions of both unhydrated
material and porosity near the interface for the dry specimen. More detailed SEM analysis has
indicated that for the control specimens, some of the additional porosity at the interface is due to
the presence of unfilled pores from a less than perfect consolidation of the fluid RM into the rough
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Figure 10. Porosity, hydrated, and unhydrated distribution of the RM at 14 d RM-Paste
interfaces, for both control (no added moisture) and SSD specimens. (Plots are based on average
measurements from three representative areas, with a coefficient of variation of below 15 %.)
From [14].

exposed aggregate concrete substrate [14]. Assuming a volumetric expansion coefficient of 2.2 for
hydration products relative to the source unhydrated material [39] and that all hydration products
are formed locally, Figure 11 provides a plot of the estimated initial unhydrated cement contents
for the two substrate conditions (prior to any hydration). A higher initial unhydrated cement
content is generally indicated for the control (no added moisture) specimen within the first 0.1 mm
of the interface. While consideration of the empty porosity in the case of the control specimen
would further increase the unhydrated cement within the first 20 um or so of the interface, the
difference between the control and SSD systems would still not be statistically significant given
the variability in the measured data. Further SEM studies are needed under more controlled
conditions (such as without the use of a retarder as was present in [14]) to confirm the working
hypothesis of microstructural rearrangement when an RM in applied to a dry concrete substrate
under field conditions.

The microstructural rearrangement at the interface of the RM specimen applied to a dry
substrate could impact subsequent bond performance. To summarize, as moisture is absorbed by
the dry substrate, the local interface microstructure in the RM is modified, as solid particles are
“compacted” to locally densify the microstructure, consistent with the X-ray absorption data
previously presented in reference [12]. During this densification, these particles may be drawn into
valleys in the surface profile of a roughened substrate, where they will produce further filling
during their subsequent hydration. In a pull-off test, solid-solid (unhydrated) contacts will not
contribute substantially to the bonding, as particles that have settled into valleys will be easily
withdrawn under loading, particularly when the loading is in the same direction as the one in which
the settling occurred (Figure 1). In this case, the bonding level will more likely be controlled by
the quantity of formed hydration products linking across the interface from the RM to the substrate,
which may be greater in the case of an SSD substrate due to its enhanced water
availability/hydration (Figure 10) [13,14]. However, in the case of shear loading with a sufficiently
roughened surface, both hydration product and solid-solid contacts can be useful, the latter in
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Figure 11. Plots of unhydrated phase fraction measured at 14 d and estimated at time zero
(Unh(0)) based on phase fractions presented in Figure 10. Error bars represent a coefficient of
variation of 15 %. Original data from [14].

generating friction that resists debonding. An analogy could be made to the bonding of Velcro,
where a much greater bond is found in shear than in peel conditions, for example. This would also
be consistent with the patches of bonded material observed in Figure 3 in the case of the dry
substrate. The angle of the slant shear specimen may also have an influence, as gravitational
settling/compaction will be occurring at a different angle than 90° with respect to the bonding
surface (Figure 1). The fluidity of the RM will certainly also play an important role in this scenario,
as its ability to consolidate and conform to the roughness of the surface will be critical in
maximizing bond performance. Thus, at a minimum, it is the triad of RM fluidity, substrate
roughness, and substrate moisture state that will be critical to engineering and optimizing bond
performance in concrete structures in the field.

Conclusions

Examination of the microstructural development occurring at a RM-substrate interface
using a combination of neutron and X-ray radiography has indicated that water movement and
densification can be quite different in the case of a dry vs. an SSD substrate. In the former case,
the flow of water from the fresh RM to the dry substrate induces significant microstructural
changes that include a densification of the layer of RM immediately adjacent to the substrate. This
densification provides a plausible explanation for the observation that slant shear testing with a
sufficiently roughened substrate generally produces a higher measured strength when the substrate
is dry prior to the application of the RM, as opposed to being moistened to SSD conditions.
Conversely, for pull-off testing, SSD conditions often produce higher bond strengths, likely due
to the enhanced hydration of the RM in the interfacial region via the increased availability of water.
A better consolidation of the RM into the rough profile of the SSD substrate may also contribute
to this enhanced bonding under tensile loading. For maximizing bond performance, detailed
engineering of the RM fluidity, substrate surface roughness, and substrate moisture condition is
required.
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