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Abstract
Large, multi-leaf masonry structures frequently experience interior deterioration and inter-leaf
debonding and there have traditionally been limited options for their repair. These include
pinning, which can tie elements together but not bond them; grouting, which can bond
elements together but not tie them; and of course dismantling and rebuilding. Each of these
options have their respective strengths and shortcomings.
This paper presents the case history of a project where the precarious nature of the
conditions encountered necessitated the development of a new system that combines the
actions of pinning and grouting in order to simultaneously tie and bond the masonry back
together. This system minimizes physical disturbance during installation and visual impact
on the completed work.
The system in its classic form consists of a double ended fabric sock adhesion anchor with
an open shank at the center. The fabric socks are inflated with high strength cement grout to
hold the debonded outer leaf elements together. Once the anchors are set, the open shank
of the anchor can be used inject a compatible grout, to bind the materials together. The
anchors can also be utilized for the attachment of temporary dunnage in order to provide
additional restraint to the masonry mass against grouting pressures that could overly stress
the masonry.

Introduction
During the fall of 2010 Structures North Consulting Engineers, was called in to look at a
church in New Bedford, Massachusetts: the Grace Episcopal Church. Grace was designed
by Boston architect Henry Van Brunt, and constructed in 1880.
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Van Brunt was well known during the mid-19th century and had numerous structures credited
to his name, including Harvard University’s Memorial Hall, Union Station in Portland Oregon,
and Denver Union Station. A predominant part of Van Brunt’s architectural pallet was the
mixing of various stone and brick materials in creative ways that would play off of each other
while adding to the texture and three dimensionality of the whole.
At the time we were also looking at another of Van Brunt’s structures, the Saint Steven’s
Church in Lynn MA, in addition to Grace l. Both had relatively tall towers that were
constructed primarily of stone but had buttresses, arches and accents of brick. Both
structures had experienced significant and damaging deformations that were not visually
consistent with freeze-thaw-, thermal- or rust-jacking, or foundation settlements. It was as if
the structures were internally fighting with themselves and fracturing from within.

Figure 1. North Tower Elevation

Figure 2. Our Field Notes Showing Contortions

When we looked at the commonality of deformations between the two structures Grace and
St. Stevens, it became obvious that the deformations were caused by accumulated moisture
growth of the brick elements being restrained by the relatively inert stone elements.
While the tower at Saint Stevens was doubly symmetrical, the tower at Grace was biaxially
asymmetrical, and had an irregular combination of differently sized brick buttresses and
intersecting brick arches and stone walls. These asymmetries, in a brick growth situation,
would tend to rotate Grace’s tower about its vertical axis while lifting it up. However, this
movement was resisted by the horizontal shear capacity of the three solid side walls, with the
forth side of the tower spanned by a large brick arch, intersecting a flat pier at the northeast
corner at a right angle. The combined forced movements and the lateral thrust of the arch

resulted in a precarious planar delamination between the inner and outer leaves of the pier
and a noticeable bulge. The separation of the flat 8” (20 cm) thick brick pier leaf from stone
back-up leaf (shown below, left) telegraphed to the solid stone construction beneath it, which
separated at the same plane (shown bottom left).
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Figure 3. Brick and Stone Separation
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Figure 4. Stone Leaf Separation
Figure 5. Loaded Buckling Pier
To further complicate the matter, the brick leaf thickened out above the delamination and
supported a large stone and brick spire above it. The delaminated masonry, supported an
estimated load of about 300,000 pounds (1,340 KN).
Below the bulge was a 1 ½-story gallery space and restroom, and adjacent to it was a 2-story
stair hall over which the perpendicular tower face spanned on a brick arch.
Because of the high gravity load of the heavy supported structure above, the occupied
spaces below, the height from the ground, and the Church’s limited budget, shoring from the
ground and rebuilding the pier were out of the question. The separated wall had to be
stabilized in place.

Considered Options for Stabilization
The goal of stabilizing the pier was to make it function compositely as it was originally
intended. It was assumed that in the 130+ years since the original construction, the brick
had fully acclimated to ambient moisture levels, and that the structure could simply be
bonded back together and would remain stable. The question was, how to accomplish the
bonding.
Establishing Lateral Internal Restraint
The most immediate concern was to how keep the debonded leaves
from spreading apart. Therefore, the first step in the remediation was
to pin the pier back together, keeping the 8” (20cm) brick leaf from
buckling outward. The following systems were considered:
Dry set helical ties- The loads and development lengths required of
these were greater than the ties would have been able to handle,
especially considering the available limited development length in the
outer leaf.

Figure 6. Ties
Only

Adhesive anchors with screen tubes- The cavity was too great for
typical adhesives to cross within the screen tubes, which would have needed to be taped
across the gap. Also, the large void structure within the back-up construction greatly limited
the contact area of the adhesive.
Pressure grouted sock anchors- These were identified as likely providing the highest
capacity anchorage, the greatest area of contact adhesion due to the larger core diameters,
and the greatest dependability for the adhesive to bond to the substrate.
Establishing Composite Action
Once the leaves were tied together, they would act as separate
elements, moving in parallel like a leaf spring, rather than as one
unified mass. Establishment of composite action would require
restraining leaves and developing significant shear strength
between the two materials. Three options were considered,
including:
Adhesive resin injection of the separated cavity- The width of the
separation between leaves was too great for any epoxy or other resin
Figure 7. Ties +
based adhesives to bridge, and the large volume of the cavity, were it
Cavity Fill
to be filled with a resin based mortar, would create a strainincompatible mass that could be damaging to the remainder of the
structure. In addition, a resin-based system would create a vapor barrier that could entrap
moisture and cause further damage.
Filling of the cavity with an off-the-shelf non-shrink grout- Most grouts on the market are
cement based and of strengths that are generally too high to use with the weaker, variable

materials in this historic structure. In addition to the strength differences, they tend to have
less vapor permeability than traditional mortar materials, and could create a vapor barrier
within the wall section. Also the fluid pressures induced by the filling of the cavity would
need to be resisted by the tying system already installed, and the contact surfaces would
need to be cleaned in order to establish a sufficient grout bond, with the best result
occurring near the grouting ports and diminishing between them. Composite action could
only be established by a proper combination of clamping force and adhesion, the
concurrence of both which would need to somehow be guaranteed. In addition to the fluid
pressures and required clamping force, classic “non-shrink” grouts are slightly expansive,
potentially damaging the restraining structure when this expansion occurs.
Filling the cavity with lime based grout- Lime grouts are generally more breathable and of
lower strength than cement based, but would not necessarily cure under anaerobic
conditions within the cavity and the lack of atmospheric carbon dioxide that would harden the
grout. The addition of a pozzolan to the lime would negate the need for atmospheric carbon
dioxide, as the lime would harden hydraulically, rather than through carbonation. Such a
grout would need to have negligible shrinkage in order to not debond from either of the
containing contact surfaces during curing, and good adhesion. The same issue of cleaning,
pressurization and grout penetration as with the cement based grout would still occur, and
would need to be addressed as part of the system.
The Most Effective Combination
A sock anchor tie system was selected to tie the leaves together and an ultra-low shrinkage
pozzolan-lime grout was developed to restrain the shear bond between leaves. The following
section of this paper describes the process used to combine the two systems.
The Port Anchor Solution
To create the perfect combination of grout injection and lateral restraint one would have the
grout injected at the same location as the anchor. However, the anchors had to be in place to
resist the pressures of the grouting. The only way that this could be done was to use the
anchor to inject the grout.
Port Anchor Development
An anchor manufacturer with a patented fabric sock anchor system was contacted and they
worked with our design team to modify their technology. The new anchor would have to have
two socks rather than one, with the socks spanned by an open shank that would allow for the
deposition of cavity filling grout. This new tie systems was called the Port Anchor (nautical
definitions excluded).
Many successive prototypes of the Port Anchor were developed before arriving at a suitable,
standardized design.

Port Anchor Installation
Holes were core drilled through the pier on a repetitive pattern of 18 to 20 inches square.
The interface surfaces were cleaned via the core holes using mechanical means and water
jetting, effectively removing all friable material within 6” to 8” of the holes. The port anchors
were then installed and the socks inflated using the standard high strength grout that went
with the sock anchor’s patented system. The dowel axial strength provided by the shanks
and, following a curing period of several days, the adhesion provided by the socks would be
sufficient to laterally tie the two leaves. The initial step in the stabilizing the pier was
complete.
Injection Grout Development
After the anchors were installed, we had to develop the grout that would be injected into the
pier cavity. The design requirements of this material would be as follows:
Moderate strength: Because of the low to moderate strength of the substrate materials, too
strong a grout would be physically incompatible and would act like a knife blade within the
masonry matrix of the wall.
Breathability: The grout would need to have a water vapor permeability that is not
significantly different than the combination of historic parent materials, in order to avoid
creating a vapor lock within the structure where moisture could condense and promote
deterioration of the masonry.
Freeze-thaw durability: The grout would need to go through numerous freezing and thawing
cycles without sustaining material damage.
Flowability: The grout would need to be flowable enough to get through the injection apparatus
and flow into the voids.
Low shrinkage: The injected grout cannot shrink significantly or any bond that is established
between the leaves would be lost. Alternatively, expansion could not be permitted because of
the potentially destabilizing jacking forces this could put into the structure.
High adhesive strength: It is important that the grout
be adhesive enough to bond surfaces together with
an adhesive strength that equals or exceeds the
cohesive strength of the grout. This is so that any
shrinkage that did occur would result in jagged
microcracks within the grout rather than in
debonding from the substrate surfaces.
Non-corrosion: Certain additives, such as shrinkage
compensators, can promote corrosion of metal with
which it comes in contact.
Hydraulic hardening: Ability to cure in an anaerobic
environment, and to react all material in order to
prevent surface leaching of lime. Consulting with

Figure 8. Bond Test Specimens

colleagues from ASTM and having experimented unsuccessfully with several off-the shelf
non-shrink grouts and modifications of them, I had had the best results with a Pozzolanic
Hydraulic Lime binder mix that had been developed by my colleague Dr. Margaret Thomson I
enlisted the help of Professor Norman Weiss and Irving Slavid of MCC Materials, in the
development of the grout. After much experimentation, the team developed a finely sanded
pozzolan-lime grout with a small trace of portland cement that met all of the above
requirements, with the binder meeting the requirements of ASTM C1707 as a PHLc.
technically qualifying as a PHLc.
Tested Properties of PHLc Grout
Cement content by weight of binder:

< 15% meeting ASTM C1707 as a “PHLc”

Chloride content by total cured weight:

0.002%

Flowability:

135% per ASTM C230

Dimension change after hardening:

0.06% per ASTM C1090

Standard curing time (CT):

120 days per ASTM C1713

Water vapor transmission:

1.9 g water/ sq meter/ hour per ASTM E96 (modified)

Mean compressive strength:
fracture)

>80 psi at 2 days (limited by Poisson’s strain, not
1414 psi at 28 days, SD= 214 psi (fracture)
1734 psi at 90 days, SD= 226 psi (fracture)
1877 psi at 120 days, SD= 185 psi (fracture)

Mean tensile bond strength:

48 psi at 28 days per ASTM C952 (brick)

Mean lap shear strength:

156 psi at 28 days (Indiana limestone)

Figure 9. Tested Properties of PHLc Grout
Extensive testing was then done on the mix in MCCM’s North Adams, MA lab and Highbridge
Materials Consulting in Pleasantville, NY. The intent of this testing was to qualify under ASTM
C1713 as a fluidified replacement for a specific range of historic mortars.
A full paper and presentation concerning the grout and its development was presented 2013
at the “3rd Historic Mortars Conference” in Glasgow, Scotland2.
Successful Grout Installation
The PHLc grout was successfully injected through the installed Port Anchors into the void at
Grace Church. Special Break’s LLC was the injection contractor and had helped vet the
nchor design and installation means and methods. Even though we had provided the
anchors over a roughly 20” square pattern, the flow of the grout was considerably better than
expected, having been monitored by pump pressures, consumed volume, as well as the fact

that it was rising to the elevation of subsequent lifts. Because of this, we would feel
comfortable in the future spacing the Port Anchors on a 3 foot or even one meter grid.

Figure 10. Port Anchors Ready to Install

Figure 11. Cavity Filling via Port Anchors

Injection tubes and supplemental dunnage were then removed, and the anchor holes were
patched. In the four years since this installation, there has been no subsequent movement,
staining or lime leaching.

The Port Anchor Composite Masonry System- Evolved
Structural Function
The structural performance of the tie and grouting system has several
components:
Lateral tying capability: The initial installation of the anchors is intended to
provide a lateral tension tie between separated masonry leaves. This
is to keep one leaf from falling off of the other, however, with the ties
Figure 12. Tying
alone without the introduction of true composite action, the overall
Action
structure might not be sufficiently strengthened. For example, two 8”
walls tied together collectively have half the bending strength of a 16” wall.
Providing a port or pathway into the masonry core for grouting: The unique
intent of the Port Anchor is that it provides the path for grout to be
introduced into the masonry mass at the point where the cavity can most
easily be cleaned and where the bond is most critical.

Figure 13.
Pathway to Core

Resisting grouting pressures: The introduction of a contained fluid into a masonry structure
exerts bursting pressures roughly equal to the fluid weight of the material. In many cases
this, plus the driving pressure from the pump, can exceed the unaided
containment strength of the masonry, especially when the masonry is in a
structurally compromised condition. The Port Anchor design resists these
pressures as a pre-installed tie. In addition, where the shank capacity
exceeds the bonding capacity of the anchors or the containment strength of
the masonry between anchors, there is the provision for direct fixation of
restraining dunnage to the anchors using bolts that thread into holes or
Figure 14. Fluid
removable nuts provided on the ends of the anchors.
Pressure
Providing general confinement to the masonry mass and resisting
external or internal splitting forces: Even with well bonded grout between
masonry leaves, it is helpful to provide lateral confinement to the bonded
interface. The confinement provided by the anchors can counter
Figure 15.
thermal and moisture stresses that might tend to debond the leaves,
Restraining Force
tensile splitting forces that might result from high compression loads or
lateral forces such as from haunches or corbels.

Figure 16. Fluid Mortar Containment

Figure 17. Grout Confinement

Resisting flexural “rolling” shear: In a lateral bending situation, composite
action is dependent upon there being sufficient in-plane shear capacity
between the leaves of masonry to support the opposing flexural
compression and tension forces in each leaf. This can be achieved by both
shear bond of the grout, and shear friction from confinement by the
anchors.
Figure 18. Flexural
(“Rolling”) Shear
Shear bond is dependent upon the adhesive chemical bond strength
of the grout, both internally, and against the bonded masonry
materials.
Shear friction is achieved from the fact that rough surfaces must move apart before they can slip
past each other. The roughness is achieved by the nature of the aggregate laden material, and

the fact that it will crack internally before it debonds externally, and the separation is prevented
by the confinement from the anchors.
Anchor Evolution
Working in partnership with our anchor manufacturer, numerous iterations of Port Anchor
designs were developed, ultimately arriving at two basic designs for current production with
numerous adaptations: Open Shank and Rod Shank type Port Anchors. These anchor systems
were then successfully patented.
The Open Shank anchor has two fabric socks anchors connected by two small rods over a cavity
that is grouted via a plastic or metal tube. The Rod Shank anchor has two fabric sock anchors that
are connected by a single, higher strength rod with a cavity grouting feeder tube to one side.

Figure 19. Open Shank Anchor

Figure 20. Rod Shank Anchor

Both designs have built-in attachment points for external dunnage, should the one or both
leaves of masonry be too weak to span between the Port Anchors without additional
assistance. Both designs can be supplied as single or double ended units, depending upon
the requirements of the installation.
The minimum shank capacity of both anchor types is 5,700 lbs. (25.5 KN) which is the
maximum load exerted by two fluid 3-foot lifts of grout over a 9 square foot area (totaling up
to 6-feet of fluid grout pressure against the anchor). In many cases, the temporary grouting
pressure is the highest load the anchor will ever experience. We are looking into producing
Metric anchors that will have 6,817 lb. (31 KN) capacity for a one meter square spacing. In
cases where the required load exceeds the safe adhesion strength of the fabric sock
anchors, supplemental attachments can and have been used.
Open shank anchors have since been used in several subsequent projects for separated leaf
conditions and rod shank anchors for both separated leaves and consolidation of loose voided
masonry.
Grout Evolution
Since the Grace Church project, the PHLc grout has found frequent use as both a gravity fed
and injected cavity filler. This material can function as a fluidified version of a typical lime and

sand mortar that it is intended to replace and has since been used as a lost mortar replacement
in numerous mortar joints, cracks and wall cavities.
We have since modified the grout design into a second formulation to further improve its
injectability through Port Anchors, and its flowability into tighter voids and cracks.

Continued Use and Development
As shown in the figures on the following page, the Port Anchor injection system has been used in
other projects, including the consolidation grouting of friable or partially mortared stone piers, as well
as in-place grout stabilization deteriorated brick flues.

Figure 21. Port Anchors at Flue
Interior Prior to Cavity Grouting

Figure 22. Port Anchors Being
Used to Consolidate a Stone Pier

Figure 23. Face of Grouted Flue

Conclusions
Beyond its technical merit, the process of development described in this paper presents itself
as a practical example of the process involved in solving technical problems. In the world of
design and consulting, we are really just solving problems. Usually these problems are
familiar in nature, and sometimes even repetitive. However, sometimes there are problems
that do not have conventional or even previously established solutions, and this is where we
must be innovative and push the envelope of our own, and even sometimes our collective
experience.
We have found that the system of tying and compositely bonding separated masonry that
was developed for one specific project has proved itself to be useful in subsequent projects.
In addition to the utility gained from the tying and bonding system in its entirety, the individual
tying and grouting components have also proved useful in subsequent applications and have
each become jumping off points for further invention.
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