2014 TRANSACTIONS OFTHE SOCIETY FOR MINING, METALLURGY & EXPLORATION e 467

Testing and analysis of cement foam
materials for coal mine seals

K.M. Mohamed and R.K. Zipf, Jr.
Mining engineer and senior mining engineer, respectively, National Institute for Occupational Safety
and Health, Office of Mine Safety and Health Research, Pittsburgh, PA, USA

Abstract

The shear strength properties of generic cement foam material and cement foam/concrete interfaces
were examined at three testing scales. In laboratory direct shear tests on specimens with average shear-
ing area of 0.006 m? (10 in.?), the cement foam material had average peak and residual shear strengths
of 0.88 MPa (128 psi) and 0.39 M Pa (56 psi), respectively. Depending on the concrete strength, the ce-
ment foam/concrete interfaces had peak and residual shear strengths ranging from 0.71 to 0.81 MPa
(103 to 117 psi) and from 0.27 to 0.29 MPa (39 to 42 psi), respectively. In laboratory direct double
shear tests on specimens with average shearing area of 0.084 m? (130 in.2), the cement foam/concrete
interfaces had average peak and residual shear strengths of 0.17 to 0.30 M Pa (25 to 44 psi) and of 0.11
to 0.23 MPa (16 to 33 psi), respectively. In large shear tests of simulated cement foam seals with the
Mine Roof Simulator (MRS) test frame, cement foam/concrete interfaces with shearing area of 1.486
m? (2,304 in.2) had average shear strengths of about 0.08 and 0.16 MPa (11 and 23 psi) along the roof
and floor interfaces, respectively. The average shear strength through the cement foam material was 0.38
MPa (55.3 psi).

Finite element analysis of the large seal tests and the back analysis of the shear strength of full-scale
cement foam seals conducted at the NIOSH Lake Lynn Laboratory confirmed shear strength of about
0.14 MPa (20 psi) along the seal/rock interfaces. The study concluded that the structural analysis of
cement foam seals should be based on their residual shear strength determined from small laboratory-

scale tests of the cement foam/concrete or rock interface and not be based on their peak strength.
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Introduction

Coal mine seals are structures built in underground coal
mines to isolate abandoned mining areas from active mine
workings. The current coal mine seal regulations (Final Rule,
2008) require seals to resist an explosion pressure of 0.83
MPa (120 psi) or more. Under the regulation, engineers must
design the seals to resist one of four pressure-time curves,
depending on the seal application. Seals made from cement
foam make up a significant portion of new seals constructed
in the U.S. coal industry under the new seal regulations.

Cement foam seals are made from a material similar to
foamed concrete or cellular concrete. It can be made from
Portland cement and water slurry to which foam is added.
Cement foam contains no sand or aggregate; however, fly
ash, fibers and other chemicals may be added to the mix to
customize its mechanical properties (Dolton and Hannah,
2006). Cement foam is lightweight, free-flowing, non-toxic
and non-combustible. It does not require compaction, is easy
to pump, has excellent thermal insulating properties, and has
energy-absorbing characteristics (Barnes, 2009).

Three distinct types of analysis methods can be used to
design mine seals to resist a dynamic load such as a coal-
mine explosion: equivalent static method, single-degree-of-
freedom (SDOF) method, and numerical modeling methods
(Mohamed et al., 2013).

The equivalent static method requires knowledge of the
shear strength of the seal material, the surrounding rock
and the interface. The critical input for the SDOF method
is a resistance function for the seal that describes the frontal
load-bearing capacity of the structure versus its center-point
displacement (USACE, 2008; Slawson, 1995). A resistance
function for a mine seal can be determined experimentally
through the testing of structures or calculated using numeri-
cal modeling techniques. The resistance function of a mine
seal depends on its geometry, construction materials, foun-
dation strength and support conditions. Numerical modeling
methods have the most extensive input requirements. Devel-
oping the needed input parameters for a numerical model can
require laboratory testing and field evaluations.

The objective of this testing work is to develop the shear
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Figure 1 — Isometric (left) and cross-sectional (right) illustrations of MRS seal testing fixture and seal model inside the MRS.

strength data, resistance functions and numerical modeling
inputs necessary for the analysis of cement-foam coal mine
seals. Development of this information required the exten-
sive testing of cement foam and related materials on the labo-
ratory scale and on a large scale using a special test fixture.

New large-scale testing method

Prior methods for the full-scale testing of coal mine seals
used either an explosion test or a hydrostatic test (Weiss et al.,
2002; Sapko et al., 2005, Weiss and Harteis, 2008). However,
due to the closure of the underground test mine at the Nation-
al Institute for Occupational Safety and Health (NIOSH)’s
Lake Lynn Laboratory, these test methods became unavail-
able after 2008. Therefore, NIOSH researchers developed a
new large-scale testing method for simulated coal mine seals
based on the ASTM E72-02 method (ASTM, 2002). NIOSH
researchers designed and built a large testing fixture with a
loading capacity of 40 MN (900,000 Ib) for use in the Mine
Roof Simulator (MRS) loading frame located at the NIOSH
Office of Mine Safety and Health Research, Pittsburgh, Penn-
sylvania (Zipf et al., 2009; Mohamed et al., 2013). The MRS
approach provided a key vertical loading (convergence) ele-
ment that was not possible with underground testing at the
Lake Lynn mine.

Figure 1 shows an isometric drawing (on the left) of the
seal testing fixture mounted in the MRS, and a cross-section-
al view through the simulated test seal (on the right). The test
fixture is composed of two similar opposing frames, one for
load application and the other for reaction. The reaction (top)
frame is stationary, while the loading (bottom) frame moves
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horizontally with the lower platen of the MRS. The main con-
cept of the testing fixture is to use the MRS’s vertical loading
capability to apply a vertical load on the test seal to simulate
roof-to-floor convergence, and its horizontal loading capabil-
ity to apply uniform static load on the face of the test seal.
With reference to Fig. 1, the loading and reaction frames in-
clude horizontal beams (parts 2 and 10) connected to support
columns (parts 3 and 9) and diagonal plates (parts 1 and 12).
The support columns and diagonals are welded onto 1-inch-
thick steel plates (shoes—parts 4 and 13), which are fastened
into the platens of the MRS using 70 high-strength 3-inch-di-
ameter bolts. The vertical loading and reaction beams (parts
6 and 8) are hung from the horizontal loading and reaction
beams (parts 2 and 10). The vertical loading and reaction
beams can rotate freely around horizontal bars (parts 11 and
14, respectively).

The applied load on the face of the seal is developed by
the horizontal actuators located under the lower platen of the
MRS. This force is transferred to the horizontal and vertical
loading beams via the diagonal loading plates on both sides
of the seal model. The horizontal force is applied on the load-
ing face of the seal via a stiffened 13-mm (0.5-in.)-thick load-
ing plate (part 7). Rollers with diameter of 19 mm (% in.) are
placed underneath the plate (part 5) and the floor block of the
test model to ensure that the lower platen of the MRS slides
under the model during horizontal movement of the lower
platen. The vertical reaction beams constrain the horizontal
displacement of the roof and floor blocks of the seal model.
Hence, the applied horizontal load is transferred to the hori-
zontal reaction beam and reaction diagonal plates.

Figure 2 shows the simulated seal test specimen, which
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measures 1.83 m (6 ft) high by 1.22 m (4 ft) wide by 1.22 m
(4 ft) thick, along with the two concrete foundation blocks—
roof and floor—which measure 1.02 m (3.33 ft) high by 1.22
m (4 ft) wide by 2.03 m (6.67 ft) deep. Also shown are the
loading vertical beams on the face of the test seal, and the
reaction vertical beams on the face of the foundation blocks.

Load on the face of the simulated seal test specimen is de-
rived from measurement of the horizontal ram pressure of the
MRS. Any vertical load on the simulated seal test specimen
is derived from measurement of the vertical ram pressure of
the MRS.

The instrumentation system on the simulated seal test
specimens shown in Fig. 2 measured the following:

*  Horizontal displacement of the vertical reaction beam

*  Horizontal displacement of the seal at mid-height

» Differential displacement between the cement foam
seal and the concrete roof and floor foundations

»  Upper-to-lower (roof-to-floor) displacement of the
foundations

»  Strain in critical members of the MRS seal testing
fixture

Displacement measurements were made with linear po-
sition transducers (also known as string potentiometers or
string pots) that were mounted onto a stationary reference
frame fixed to the upper platen of the MRS, as shown in Fig.
2. This reference frame consisted of two vertical posts with
a U-shaped horizontal bracket connecting the posts at mid-
height of the seal.

Six string pots were mounted on each vertical post—three
at the upper seal/roof interface and three at the lower seal/
floor interface on the left and right side of the simulated seal
test specimen. At each of these locations, the string pots mea-
sured displacements of the seal top or bottom, of the roof or
floor block, and of the top or bottom of the reaction beam
relative to the reference frame. From these absolute displace-
ment measurements, relative horizontal motions of the seal
and foundation blocks could be discerned.

Six string pots were also mounted on the horizontal brack-
et at seal mid-height—two each at the left side, center and
right side of the bracket. At each of these locations, the string
pots measured displacement of the seal midpoint and the re-
action beam midpoint relative to the reaction frame. With
these absolute displacement measurements at mid-height of
the seal and the other horizontal displacement measurements
at the seal/foundation block interfaces, bending motion of the
seal could be discerned if it developed.

Two string pots were mounted between the upper and
lower (roof and floor) foundation blocks. These displacement
measurements identified the development of rotational move-
ment of the foundation blocks and thus the development of
arching action during the test.

Two strain gauges were mounted on each diagonal and
two sets of strain gauges were also mounted on each loading
and reaction horizontal beam. These gauges were monitored
to ensure that (1) the seal test fixture remained within the
linear elastic range of steel and (2) the loads were applied
symmetrically and uniformly to the seal. Up to the moment
of seal failure, the measured strain in the loading horizontal
beam (part 2 in Fig. 1) was within 5% of that in the reaction
horizontal beam (part 10 in Fig. 1). Similarly, the measured
strain in the loading and reaction diagonals (parts 1 and 12 in
Fig. 1) on both the left and right sides of the test frame agreed
to within 5%. The uniformity of these measurements in the
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Figure 2 — Side-view (left) and top-view (right) illustrations
of test specimen and MRS seal testing fixture showing
displacement measurement system (not to scale).

test fixture indicates that bending, racking or other anoma-
lous, unwanted movement did not develop within the test
seal. The test fixture performed as designed, and it delivered
a uniform load across the test seal face up to the moment of
seal failure.

The new large-scale testing method was first used on test
specimens made of reinforced concrete and plain concrete
(Mohamed et al., 2013). Test results using those materials
demonstrated the reliability and reproducibility of this new
test method. The loading frame in the MRS delivered uni-
form load to the test seal face, and the loads and the reactions
were symmetric. No extraneous shear loads or bending mo-
ments were imparted to the simulated seal test specimen.

Seal model construction began by pouring the concrete
roof and floor foundation blocks. Following a cure period,
the foundation blocks were assembled into a steel frame,
and formwork was built between the concrete roof and floor
foundation blocks. Polypropylene rope (3/8-inch-diameter)
on 2-ft-centers connected opposite faces of the formwork to
support it while pouring the wet cement foam. The inner sur-
faces of the formwork were lined with 6-mil plastic film to
contain the wet cement foam and to prevent water loss during
the 28-day curing period.

Cement foam for the simulated seals was pumped into the
form in one continuous pour lasting about five hours. Pump-
ing continued until the cement foam material reached the roof
and made contact all around the upper seal perimeter. Visual
observation of the cement foam/concrete roof block contact
indicated that full contact between the two materials was
achieved at this interface.

Design and testing of generic cement foam
material

Cement foam for this study was made by first creating a
well-mixed slurry of ordinary Portland cement (Type I/II)
and potable water. This slurry was “neat,” meaning it con-
tained no sand, aggregate or other additives. Stable foam was
made using a commercial foam generator (Cretefoamer) and
a synthetic surfactant (Cretefoamer CMX) (Richway Indus-
tries, 2013). Foam was added to the cement-water slurry, fol-
lowed by mixing until the cement foam density was 961 kg/
m?3 (60 pcf).

Specifications of the generic cement foam are summarized
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Specifications

Table 1 — Mixture design and properties of cement foam seal material and concrete roof and floor blocks.

Cement foam

Concrete Concrete Concrete

for seal for roof block for strong floor block  for weak floor block
Water-cement ratio 0.5 0.35 0.45 1.64
Cement / sand / aggregate ratio n.a. 1/2.5/3.6 1/1.2/3.1 1/11/12
Wet and dry densities, kg/m3 (pcf) 961 and 897
(60 and 56)
Foam density, kg/m3 (pcf) 48 (3) not applicable
Porosity, % 52
Number of tests 38 2 4 3
Unconfined compressive strength 3.10 24.10 (3,495) 40.03 (5,804) 1.54
Average and standard deviation MPa (449) not applicable +2.43 (352) (224)
(psi) +0.88 (128) +0.05 (7)
Young’s modulus 979.31 7,655.17 10,068.97 648.28
Average and standard deviation MPa (142,000) (1,110,000) (1,460,000) (94,000)
(psi) +268.97 not applicable +282.76 +13.79
(39,000) (41,000) (2,000)

Table 2 — Summary of direct shear test results, average and standard deviation, on 0.006-m2 (10-in.2) specimens of
cement foam and cement foam/concrete interfaces.

Peak shear strength

Residual shear strength Shear stiffness

Tost tvoe I\::f, — MPa (psi) — MPa (psi) — MPa/m (psiin.)
Yp average and standard average and standard average and standard
tests .. . . -
deviation deviation deviation
Cement foam 7 0.88 £ 0.10 0.39 £ 0.1 1,906 + 1,104
(128 + 14) (56 + 16) (7,020 + 4,068)
Cement foam/concrete roof block 6 0.81+0.12 0.28 .08 1,144 £ 203
interface (117 £18) (40 £ 12) (4,215 + 750)
Cement foam/concrete strong 6 0.80 + 0.25 0.29 +0.15 997 + 157
floor block interface (116 + 36) (42 + 22) (3,673 + 577)
Cement foam/concrete weak floor 3 0.71 +£0.09 0.27+0.10 1,448 £ 219
block interface (103 £ 13) (39 = 14) (5,333 + 808)

in Table 1, along with specifications of the concrete used for
the roof and floor blocks in the simulated seal test specimens.
Test specimens of the cement foam and the roof and floor
concrete were protected with plastic wrap to prevent exces-

Shear stress, MPa

Shear displacement, mm

Figure 3 — Shear stress-displacement curves for seven
direct shear tests of cement foam material (dashed lines
are cylindrical specimens).
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sive moisture loss and cured at room temperature for a mini-
mum of 28 days in conditions similar to the simulated seal
test specimens. Unconfined compressive strength tests and
Young’s modulus measurements were performed on numer-
ous laboratory test specimens of the cement foam and con-
crete, and these test results are also summarized in Table 1.

Direct shear tests with cement foam on small
specimens

Direct shear experiments were performed on two differ-
ent sizes of small test specimens. About half the specimens
were cylinders with diameter of 102 mm (4 in.) and shear
area of 0.008 m? (12.6 in.2), and the other half were rectan-
gular prisms with length of 76 mm (3 in.) and shear area of
0.006 m? (9 in.2). Four types of direct shear specimens were
prepared: cement foam over roof concrete, cement foam over
strong floor concrete, cement foam over weak floor concrete,
and intact cement foam. With the cement-foam-over-concrete
specimens, the concrete was cured first and then the cement
foam was poured. The interface was considered a kind of
“cold joint.” The cement-foam-direct-shear specimens were
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A. Cement foam / concrete roof block interface.
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Figure 4 — Shear stress-displacement curves from direct
sheartests along cementfoam/concrete interfaces (dashed
lines are cylindrical specimens).

poured all at once and therefore no cold joint existed. The
direct shear test was through the cement foam material itself.

Figures 3 and 4 show the measured shear stress versus dis-
placement for shear strength tests of the cement foam mate-
rial and various cement foam/concrete block interfaces. In all
cases, the shear strength exhibits elastic-brittle behavior with
a peak shear strength and a lower residual shear strength. Ta-
ble 2 summarizes the peak and residual shear strengths plus
the shear stiffness from all direct shear tests on the small lab-
oratory-scale specimens, which have an average shear area of
about 0.006 m? (10 in.2).

With the small laboratory-scale testing, the bond across
each concrete/cement foam interface was ideal. All test speci-
mens were protected with plastic wrap to prevent moisture
loss and cured at room temperature for a minimum of 28 days
prior to testing. None of these small test specimens became
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Figure 5 — Photograph of double direct shear test fixture
for0.084-mZ2(130-in.2) test specimensin testmachine show-
ing cement foam material loaded by ram and concrete roof
and floor blocks.
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Figure 6 — Shear stress-displacement curves for double
direct shear tests along cement foam/concrete block inter-
faces with 0.084-m2 (130-in.2) test specimens.

warm to the touch due to cement hydration during the initial
curing period.

Direct shear tests with cement foam on 0.084-
m? (130-in.2) specimens

In addition to the small laboratory-scale direct shear tests,
several direct shear tests were conducted on larger double di-
rect shear specimens with two interfaces consisting of roof
concrete/cement foam, and floor concrete/cement foam. The
test fixture in the testing machine is shown in Fig. 5. The left
side of the specimen is roof concrete; the right side is either
strong or weak floor concrete, and the center is cement foam.
The cement foam is loaded at the top by the loading machine
and the concrete blocks on either side provide a reaction.
Each test specimen is about 330 mm (13 in.) high and 254
mm (10 in.) wide and has a surface area of 0.084 m? (130
in.2).

Figure 6 shows the shear stress-displacement curves for
the six tests performed with this set-up. With the concrete
roof block/cement foam/concrete strong floor specimens,
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Table 3 — Summary of direct shear test results on 0.084-m?2 (130-in.2) specimens of cement foam/floor concrete

interfaces.
No. of Peak shear strength Residual shear strength Shear stiffness
Test type data - MPa (psi) - MPa (psi) - MPa/m (psi/in)

points average only average only average only

Cement foam/concrete

. 6 0.17 (25) 0.11 (16) about 190 (700)
roof block interface
Cement foam/concrete
0.30 (44) 0.23 (33) about 190 (700)

strong floor block interface

failure occurred first along the concrete roof block/cement
foam interface. The shear stress along this interface first or
initially decreased and then increased until failure occurred
along the concrete strong floor/cement foam interface. With
the concrete roof block/cement foam/concrete weak floor
specimens, there was no bonding along the cement foam/
concrete weak floor interface. Ideal bonding occurs when the
concrete is saturated but the surface is dry. The weak concrete
will be much more porous; therefore, it may have been more
saturated and may have affected the bond by introducing wa-
ter at the interface. With a high water-to-cement ratio, there
is a lot of extra water in the material and if sealed, the water
remains in the porous material as in a saturated sponge; if
the material is dry, it will absorb water from the foam and
weaken the foam. Failure occurred when the concrete roof
block/cement foam interface ruptured.

As summarized in Table 3, these six tests with shear area
of 0.084 m? (130 in.2) provided six observations of the ce-
ment foam/concrete roof block peak and residual shear
strengths, along with three observations of the cement foam/
concrete strong floor block peak and residual shear strengths.

With these larger laboratory-scale test specimens, the bond
across each concrete/cement foam interface was also perfect;
however, the cement foam/concrete weak floor interface did
not have measureable shear strength. All test specimens were
protected with plastic wrap and cured at room temperature
for a minimum of 28 days prior to testing. None of these larg-
er test specimens became warm to the touch due to cement
hydration during the initial curing period.

Large-scale tests of cement foam seals in MRS

Eight tests of simulated cement foam seals were conduct-
ed using the new large-scale MRS testing method described
earlier. The test program considered three variables—the
floor anchorage condition, the presence or absence of verti-
cal load on the simulated seal, and the strength of the floor
material. The concrete floor block either contained a hitch to
anchor the seal (H), as shown in Fig. 2, or it did not (NH), in
which case, the anchorage solely relied on the shear strength
of the interface between the cement foam/concrete founda-
tion block only. The simulated seal either had a “conver-

Table 4 — Summary of large cement foam seal test results in MRS.The shear area is 1.486 m2 (2,304 in.2) for both
upper and lower interfaces.

Test Face pressure Average shear Face pressure Shear stress at  Face pressure at Shear stress
specimen at failure along stress at at failure along failure along failure through at failure
designation cement foam/ failure along cement foam/ cement foam/ cement foam through ce-

concrete roof cement foam/ concrete floor concrete floor near floor block ment foam
block interface concrete roof block interface — block interface - MPa (psi) near floor
- MPa (psi) block interface MPa (psi) - MPa (psi) (hitched seals block — MPa
(circles in Figs. - MPa (psi) (non-hitched (non-hitched only) (psi)
7 and 8) seals only) seals only) (triangles in (hitched seals
(squares in Fig. 7) Fig. 8) only)
#1- 0.08 0.06 0.14 0.16
NH_NC_S (11) (8.3) (21) (23.3)
#2 - 0.20 0.15 0.25 0.22
NH_C_S (29) (21.8) (36) (32.3)
#3 - 0.09 0.07 0.14 0.15
NH_NC_W (13) (9.8) (21) (21.8)
#4 — 0.17 0.12 0.21 0.20
NH_C_W (24) (18) (31) (28.5)
#5 — 0.14 0.10 0.33 0.39
H_NC_S (20) (15) (48) (57)
#6 — 0.28 0.21 0.39 0.37
H_C_S (40) (30) (56) (54)
#7 - 0.09 0.07 0.31 0.40
H_NC_W (13) (9.8) (45) (57.8)
#8 — 0.14 0.10 0.31 0.36
HCW (20) (15) (45) (52.5)
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Figure 7 — Applied pressure on seal face versus horizon-
tal displacement for non-hitched cement foam seal tests.
(Circles: shear failure along cement foam/concrete roof
block interface occurs; squares: shear failure along cement
foam/concrete floor block interface occurs.)

gence” applied to the entire seal test specimen (C), or it did
not (NC). Convergence in mining terminology corresponds
to decreased distance between the surrounding roof and floor
rocks due to mining-induced stress and rock creep. To simu-
late the effect of convergence in these experiments, the simu-
lated seal either had a vertical load applied (C), or it did not
(NC). Concrete in the lower block of the simulated seal test
specimen shown in Fig. 2 was either strong floor concrete
(S) or weak floor concrete (W) with the properties indicated
in Table 1.

The nomenclature used in this study for the floor anchor-
age (hitching or non-hitching), vertical load or convergence
(with or without vertical load or convergence), and block
strength (strong or weak concrete for the floor) are H, NH,
C, NC, S and W, respectively. As an example, a hitched seal
without roof-to-floor convergence built on a strong floor is
abbreviated as H NC_S.

The MRS was operated in displacement control mode to
apply loads to the simulated seal test specimens. If the simu-
lated seal test had “convergence” applied, the vertical loading
rams of the MRS were displaced a certain distance until the
desired vertical load was achieved. For the “convergence”
(C) seal tests, the vertical preload is equivalent to a verti-
cal stress of 0.24 MPa (35 psi) in the simulated seals. The
“non-convergence” (NC) tests also had a load equivalent to
a vertical stress of 0.03 MPa (5 psi). Once the desired load
was achieved on the seal test specimen, the displacement of
the vertical ram was held constant during the remainder of
the test. Pressure on the seal face was applied through the
horizontal rams of the MRS moving in displacement control
mode at a rate of 1 mm (0.025 in.) per minute. At this dis-
placement rate, typical tests required about 110 minutes to
complete.

Photographs were taken at 1-minute intervals during each
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Figure 8 — Applied pressure on seal face versus horizontal
displacement for hitched cement foam seal tests. (Circles:
shear failure along cement foam/concrete roof block inter-
face occurs; diamonds: shear failure through cement foam
initiates near concrete floor block; triangles: final shear
rupture through cement foam.)

[ S S

Figure9 —Typical failure modes for cement foam seal tests.
With non-hitched seals (left), shearfailure occurredfirstalong
the cementfoam/concrete roof blockinterface andthenalong
the cementfoam/concrete floor block interface. With hitched
seals (right), shear failure occurred first along the cement
foam/concrete roof block interface and then through the
cement foam material near the concrete floor block.

test on both sides of the seal test specimen. These photo-
graphs showed the cement foam seal and the interfaces with
the concrete roof and floor blocks. Paper strips with a 51-
mm (2-in.) grid were glued to the cement foam and concrete
blocks on each side of an interface to enhance the visibility
of motion along the interface. The photographic record could
be correlated to the pressure and displacement data acquired
during the test for diagnosis of the failure mechanics.
Essential test data from the eight tests on simulated ce-
ment foam seals are summarized in Figs. 7-9 and Table 4.
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Figure 7 for the four non-hitched (NH) seal tests and Fig.
8 for the four hitched (H) seal tests show the applied pres-
sure on the seal face versus the horizontal displacement at the
mid-height of the seal. The applied pressure on the seal face
is calculated from the horizontal ram pressure in the MRS
measured during the test. The horizontal displacement is cal-
culated by averaging displacement measurements on the left
side, center and right side of the seal at mid-height. Figure 9
shows two seals after testing to failure that illustrate the two
different failure modes that developed during the tests. With
non-hitched seals (left), shear failure occurred first along
the cement foam seal/concrete roof block interface and then
along the cement foam seal/concrete floor block interface.
With hitched seals (right), shear failure also occurred first
along the cement foam seal/concrete roof block interface, but
then cracking developed in the cement foam near the floor
foundation block that ultimately led to shear rupture through
the cement foam near the floor block.

From the four tests on non-hitched seals (Fig. 7), four
stages of loading and failure development are observed:

1. Initial loading: In this stage, the seal is undergoing
linear elastic deformation. No relative displacement
is observed or measured along the cement foam/con-
crete block interfaces.

2. Cement foam/concrete roof block interface failure:
Relative displacement is observed and measured
along the cement foam/concrete roof block interface.
This point is indicated by a circle in Fig. 7. The ap-
plied pressure versus horizontal displacement curve
shown in Fig. 7 departs from linearity.

3. Cement foam/concrete floor block interface failure:
Relative displacement is observed and measured
along the cement foam/concrete floor block interface.
This point is indicated by a square in Fig. 7. The ap-
plied pressure on the seal face in Fig. 7 has reached
a maximum.

4. Plastic deformation on both interfaces: In this stage,
relative displacement along the cement foam/con-
crete block interfaces occurs at constant applied pres-
sure on the seal face.

From the four tests on hitched seals (Fig. 8), four similar
stages of loading and failure development are observed:

1. Initial loading: The seal undergoes linear elastic de-
formation. No relative displacement is observed or
measured along the cement foam/concrete block in-
terfaces.

2. Cement foam/concrete roof block interface failure:
Relative displacement is observed and measured
along the cement foam/concrete roof block interface.
This point is indicated by a circle in Fig. 8. The ap-
plied pressure versus horizontal displacement curve
shown in Fig. 8 departs from linearity.

3. Shear failure initiation through the cement foam seal
near the concrete floor block: A crack is observed in
the cement foam near the concrete floor block oppo-
site the loaded face. This point is indicated by a dia-
mond in Fig. 8.The applied pressure versus horizontal
displacement curve shown in Fig. 8 usually changes
slope.

4. Violent shear rupture through the cement foam seal
near the concrete floor block: At this stage, the shear
strength of the cement foam is exceeded. This point is
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indicated by a triangle in Fig. 8. The applied pressure
on the seal face and the shear strength of the seal usu-
ally decrease significantly at this point.

Table 4 summarizes the key failure information extracted
from the eight large-scale tests on simulated cement foam
seals conducted in the MRS. From the applied pressure to
the seal face at which failure along the cement foam/concrete
roof block interface develops (circle points in Figs. 7 and 8),
the shear stress at failure along the roof interface is computed
by:

_ PfaceXH
Croof - (Z—t) M
where Price is the applied pressure on the seal face, H is the

seal height, and ¢ is the seal thickness.

From the applied pressure to the seal face at which failure
along the cement foam/concrete floor block interface devel-
ops (square points in Fig. 7), the shear stress at failure along
the floor interface, Choor is computed by:

PfacexH
Cfloor or cement foam — fa% - Croof (2)

From the applied pressure to the seal face at which fail-
ure through the cement foam develops (triangle points in
Fig. 8), the shear stress at failure through the cement foam,
Cement foams 18 also computed by Eq. (2).

From the data presented in Table 4, the following observa-
tions were made about the large-scale tests of cement foam
seals in the MRS:

1. Failure occurred first along the upper interface be-
tween the cement foam and the concrete roof block,
and then along the lower interface at the concrete
floor block in the case of non-hitched test seals or
through the cement foam material near the floor in
the case of hitched test seals. This observed failure
sequence reflects the construction process since the
simulated cement foam seal was built from floor to
roof. A better bond and higher shear strength are ex-
pected between the cement foam/concrete floor block
than between the cement foam/concrete roof block.

2. Average shear strength along the cement foam/con-
crete roof block interface is 0.1 MPa (14.5 psi) for
the non-hitched tests and 0.12 MPa (17.5 psi) for the
hitched tests. As expected, these values are similar,
since the floor condition—hitched or non-hitched
and strong or weak—should have no effect on the
strength of the upper interface between the cement
foam and concrete roof block.

3. A vertical load to simulate roof-to-floor convergence
increases the shear strength of the cement foam/con-
crete roof block interface. All “C” test specimens
have greater shear strength than their corresponding
“NC” test specimens.

4. From the non-hitched tests, average shear strength
along the cement foam/concrete floor block interface
is 0.18 MPa (26.5 psi). The strength of the concrete
floor block may increase the shear strength of the
lower interface. The two strong floor concrete foun-
dation tests had greater shear strength than the two
weak floor concrete foundation tests. However, this
initial observation may not be statistically significant.
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Cement foam / concrete
weak floor block interface.

Cement foam / concrete roof ~ Cement foam / concrete

block interface.
Figure 10 — Photographs of de-bonding at cement foam/
concrete block interfaces after testing.

strong floor block interface.

5. With the non-hitched test specimens, a vertical load
to simulate roof-to-floor convergence increases the
shear strength of the cement foam/concrete floor
block interface. All “C” test specimens have greater
shear strength than their corresponding “NC” test
specimens.

6. Average shear strength through the cement foam ma-
terial derived from the hitched tests is 0.38 MPa (55.3
psi). This value appears to be unaffected by the ap-
plication of a vertical load to simulate roof-to-floor
convergence.

Data from this series of eight tests of simulated cement
foam seals indicate that the test method performed similarly
to earlier test series with reinforced concrete and plain con-
crete (Mohamed et al., 2013). The loading frame in the MRS
delivered a uniform and symmetric load to the test seal face.
Observations of shear strength derived from the test matrix
are logical and expected. The observed failure modes are sen-
sible. Failure occurs first at the upper interface and then either
along the lower interface or through the cement foam mate-
rial low in the test specimen.

After testing, the concrete roof block/cement foam seal/
concrete floor block assemblies were carefully disassembled,
and the upper and lower interfaces were observed. Figure 10
shows typical photographs of these surfaces. In all cases, de-
bonding between the cement foam and the concrete is evi-
dent.

The eight large-scale tests on simulated cement foam seals
may have been affected by heat generated by cement hydra-
tion during the seal curing. About five hours after pumping
the cement foam test seals, the formwork became warm to
the touch with temperature estimated at 339K (150°F), and
steam emanated from the curing cement foam at the poly-
propylene ropes. By the next morning, the steam emanations
had ceased, but the test seals remained warm at about 311K
(100°F) for several more days. Jones and McCarthy (2006)
presented a method to estimate the temperature inside a con-
crete block due to cement hydration. For a 1.22-m (4-ft)-wide
by 1.83-m (6-ft)-high by 1.22-m (4-ft)-thick block containing
about 1,562 kg (3,500 lb) of Portland cement, the expected
internal temperature is about 465K (377°F). This estimated
internal temperature is consistent with the observed external
temperature. Following a 28-day minimum cure period, the
formwork and plastic film liner were removed prior to test-
ing. After careful inspection, no cracks or other defects were
observed in the test seals. The possibility exists that the high
internal curing temperature adversely affected the mechani-
cal properties of the test seal, but for reasons discussed later,
the effect is negligible or small.
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Figure 11 —FE model of cement foam test seal and concrete
roof and floor blocks.

Finite element analysis of cement foam seal
tests in MRS

ANSYS Version 14.5 was used to simulate the static load-
displacement response of the test seals in the MRS. Figure
11 shows a typical model of the test arrangement. The model
is two-dimensional, and the plane stress assumption is used.
Element sizes in this model are about 51 mm (2 in.). Roll-
ers were used to simulate the interaction of the concrete roof
and floor blocks with the upper and lower steel platens of the
MRS. Rollers were also used to simulate the reactions of the
MRS test frame against the upper and lower blocks.

The displacement approach was used to apply load to the
test seal face in the model. This approach enabled simulation
of the test seal up to and beyond failure without numerical in-
stability in the model. As shown in Fig. 11, a remote loading
point was created that reflects the round bar on the horizontal
loading beam (parts 2 and 6, Fig. 1). This point, located about
635 mm (25 in.) from the seal face, is coupled to all points
along the test seal face. The point is then displaced horizon-
tally to induce load on the test seal face. Rotation is allowed
about this point to ensure that zero moment is applied. Model
loading occurs in two steps: (1) the lower floor block is dis-
placed vertically in the z-direction to induce the desired verti-
cal load, which simulates roof-to-floor convergence, and (2)
the remote loading point is displaced horizontally to induce
load on the seal face.

The finite element analysis model is constructed from
three major elements: (1) a concrete material model, (2) a
cement foam material model, and (3) an interface model. In
its element library, ANSYS Version 14.5 includes “Solid65,”
which is a version of the William-Warnke model for plain
concrete. The original William-Warnke model (Hauksdottir,
2007) is a triaxial failure surface in principal stress space to
define the onset of cracking and crushing in plain concrete.
The ANSYS 14.5 implementation of this model also includes
an isotropic, work-hardening stress-strain relationship and
the Von Mises and Drucker-Prager failure criteria. These cri-
teria define the onset of plastic deformation and shear failure
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Table 5 — Summary of mechanical properties for various materials used in FE models.
Concrete Concrete
Cement foam Concrete
Property for strong floor for weak floor
for seal for roof block
block block
. 275.86 7,655.17 10,068.97 648.28
Young’s modulus — MPa (psi)
(40,000) (1,110,000) (1,460,000) (94,000)
Poisson’s ratio 0.2 0.3 0.3 0.3
Compressive strength — MPa
(psi) 3.10 (449) 24.10 (3,495) 40.03 (5,804) 1.54 (224)
Tensile strength — MPa (psi) 0.38 (55) 3.06 (443) 3.94 (571) 0.77 (112)
Cohesion — MPa (psi) 0.38 (55) - - -
Friction angle, deg. 8 not applicable
- . Friction coefficient 0.5 0.5 0.2
Es
o -g 2 Cohesion — MPa (psi) 0.08 (12) 0.15 (22) 0.15 (22)
588 :
£ 8 = Shear stiffness — not applicable
33 MPa/m (psi/in) 61.3 (226) 61.3 (226) 61.3 (226)

in the material.

For the plain concrete blocks, the finite element analysis
used the William-Warnke concrete model (Solid 65) with the
von Mises failure criteria (Kachlakev et al., 2001; Vasudevan
and Kothandaraman, 2011; Wolanski, 2004). The essential
properties to specify for the material are its compressive and
tensile strengths. For the cement foam seal, the analysis also
used the William-Warnke concrete model (Solid 65), but with
the Drucker-Prager failure criteria (Lee et al., 2004; Krieg,
1972). The properties specified are the compressive strength,
tensile strength, cohesion, and friction angle of the cement
foam material.

The Coulomb friction model was used to simulate the ce-
ment foam/concrete foundation block interfaces. The Cou-
lomb friction model for interfaces is defined as (ANSYS
14.5):

Fiijm =Co XA+ uXxE,

|Fs| < l:“lim

where
F is the equivalent tangential force
F, is the normal force in the interface
F;,, is the limiting frictional force
u is the coefficient of friction
¢, is the cohesion
A is the shearing area

If the equivalent tangential force £ is less than F;,, the
state is known as the sticking state. For I greater than ), ,
sliding occurs, and the state is known as the sliding state. The
sticking/sliding calculations determine when a point transi-
tions from sticking to sliding or vice versa.

The material properties used in these finite element analy-
ses are summarized in Table 5. Young’s modulus in the mod-
el for the concrete roof and floor blocks is the same as that
measured in the laboratory reported in Table 1. The Young’s
modulus for the cement foam is back-calculated directly
from the eight large-scale tests in the MRS. During the initial
test stage, the seal behaves as a simply supported, uniformly
loaded, linear-elastic beam with span of 1.83 m (6 ft). At a
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face load of 0.03 MPa (5 psi), the mid-point of this beam
deflected 0.01 in., and Young’s modulus is back-calculated
as about 275.86 MPa (40,000 psi). This value is about 28%
of the laboratory value reported in Table 1. The difference in
Young’s modulus between the laboratory tests and the large-
scale tests in the MRS might be attributable to the heating of
the cement foam seal reported earlier (Othuman and Wang,
2010). This heating phenomenon did not occur in the labora-
tory-scale test specimens, which may lead to higher values.
Poisson’s ratio is assumed to be 0.2 for the cement foam (Lee
et al., 2004) and 0.3 for the concrete roof and floor blocks
(Vasudevan and Kothandaraman, 2011; Wolanski, 2004).

The compressive strengths of the cement foam and con-
crete roof and floor block material are derived from labora-
tory tests, and those values reported in Table 1 are used in
the model directly. The tensile strength of concrete can be
estimated from its compressive strength with the following
equation (Chen, 2007):

fi=75+f! ©)

where f.” is the compressive strength.

The average shear strength through the cement foam ma-
terial derived from the hitched tests is 0.38 MPa (55.3 psi).
This value is approximately the same as the cohesion for the
material. The tensile strength of the cement foam is assumed
to equal its cohesion to reduce model instability.

Ehrgott (1973) conducted extensive triaxial compression
tests on a cement foam material that is very similar to that
used in this study. The dry density of Ehrgott’s material was
657 kg/m3 (41 pcf), and he measured a friction angle of 9.6°
for the material. Lee et al. (2004) conducted compression and
tension tests on cement foam with density of 961 and 1,442
kg/m3 (60 and 90 pcf). The friction angle for both materials
is 8.5°. Based on this data, a friction angle of 8° was assumed
for the cement foam in this study.

Finite element analysis was conducted on each cement
foam seal test for comparison with the corresponding large-
scale tests in the MRS. All the analyses used the same ma-
terial properties summarized in Table 5. Only the boundary
conditions (hitching and convergence) on the model changed

476 SOCIETY FOR MINING, METALLURGY & EXPLORATION



2014 TRANSACTIONS OFTHE SOCIETY FOR MINING, METALLURGY & EXPLORATION e 477

0.5 - 0.5
Test(NH_NC_S) Test(NH_C_S)
0.45 - - | 0.45
— FEM | ——FEM
0.4 - 0.4
£ £
= 035 \ = 035
g | g
5 03 | Z 03
H H
g ; 2
2025 | 2025
E] E
g 02 g 02
S 8
= =
= 015 ‘ = 015
0.1 0.1
0.05 | 0.05
0 o 0
25 | 0 5 10 15 20 25
| Horizontal displacement, mm
05 ¢ 05 ¢
045 & ——Test (NH_NC_W) 04s | Ui ((AELE.89)
£ F ——FEM
04 f ——IAE 04 |
E L
0.35 0.35
% g
5 037 S 03
g s
2025 z
= 2
= “
g 02 _‘,:_
8 e
=4
S 0.15 £
= S
01 5
: =
0.05
0 ' ¢ ; - i ! ——
0 5 10 15 20 25 0 5 10 15 20 25
Horizontal displacement, mm Horizontal displacement, mm

Figure 12 — Measured (blue) and predicted (red) horizontal face pressure versus displacement curves for non-hitched
cement foam seal tests. (Circles: shear failure along cement foam/concrete roof block interface occurs; squares: shear
failure along cement foam/concrete floor block interface occurs.)
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Figure 13 — Measured (blue) and predicted (red) horizontal face pressure versus displacement curves for hitched cement
foam seal tests. (Circles: shear failure along cement foam/concrete roof block interface occurs; diamonds: shear failure
through cement foam initiates near concrete floor block; triangles: final shear rupture through cement foam.)
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to simulate the actual test conditions.

The comparison between the finite element analysis and
the test measurements considered the following conditions:
(1) failure pattern and sequence (2) horizontal pressure and
displacement at critical loading stages, and (3) shape of the
horizontal pressure versus displacement curve. Figures 12
and 13 show the calculated horizontal face pressure on the
test model versus the calculated horizontal displacement at
mid-height of the test seal for the non-hitched tests and the
hitched tests. For comparison with the calculations, the mea-
sured test data shown in Figs. 7 and 8 are repeated.

With both the non-hitched and hitched calculations, the fi-
nite element analyses confirmed the same failure patterns and
sequences observed during the large-scale tests in the MRS.
For the non-hitched seal models, the finite element analy-
ses first indicated failure at the cement foam/concrete roof
block interface followed by failure at the cement foam/con-
crete floor block interface. The model calculations show no
yielding or cracking within the cement foam seal itself. The
calculated magnitude of horizontal face pressure at which
shear failure occurs along the cement foam/concrete roof
block interface (circle points) and along the cement foam/
concrete floor block interface (square points) agree well in
all cases with the large-scale tests in the MRS. The calcu-
lated magnitude of horizontal displacement at which shear
failure developed agreed well with the experiment along the
cement foam/concrete roof block interface, but was gener-
ally too small along the cement foam/concrete floor block
interface. Most important is the general shape of the calcu-
lated horizontal pressure versus horizontal displacement
curve compared with the experiment. As shown in Fig. 12,
the calculated curve matches the measured curve well for
all four experiments. In particular, the calculated horizontal
pressure at which constant plastic deformation occurs along
both interfaces (roof and floor) agrees well with experimental
observation.

For the hitched seal models, the finite element analyses
first indicated failure at the cement foam/concrete roof block
interface followed by rupture through the cement foam mate-
rial near the floor. The analyses calculated well the magnitude
of the horizontal face pressure at which shear failure along
the cement foam/concrete roof block interface occurred (cir-
cle points), and the pressure magnitude at which final shear
rupture occurred through the cement foam material (square
points). However, the magnitude at which shear failure
through the cement foam material initiated (diamond points)
was not calculated as well. The general shape of the calculat-

ed horizontal pressure versus horizontal displacement curve
for the hitched experiments matches the measured curves
well, as shown in Fig. 13, except for the H NC W test.

Shear strengths of cement foam and interfaces
at different scales

The testing in this study developed shear strength data for
a generic cement foam material at three different scales with
shearing areas of about 0.006, 0.084 and 1.486 m? (10, 130
and 2,304 in.2). Table 6 summarizes the measured peak and
residual shear strengths for the cement foam material and the
interfaces between cement foam and concrete. The data for
the tests for areas of 0.006, 0.084 and 1.486 m? (10, 130 and
2,304 in.2) in this table are extracted from Tables 2, 3 and
4, respectively. The peak and residual shear strengths versus
shearing area data in Table 6 is shown in Fig. 14. Small shear-
ing area test specimens exhibit a distinct peak shear strength
that decreases to residual shear strength, whereas large shear-
ing area tests do not develop peak shear strength—rather, the
peak and residual shear strengths are the same.

Cement foam material at the laboratory-scale area of 0.006
m? (10 in.2) exhibits elastic-brittle behavior with a peak shear
strength of 0.88 MPa (128 psi) and residual strength of 0.39
MPa (56 psi). From the large-scale tests on hitched seals in
the MRS with shearing area of 1.486 m? (2,304 in.2), failure
through the cement foam material occurred at a shear stress
of 0.39 MPa (57 psi). At this large scale, the cement foam
exhibited elastic-plastic behavior, and the peak and residual
strengths are the same at 0.39 MPa (57 psi). The residual
shear strength for the cement foam material appears to be
similar over a large range of shearing areas, and the cement
foam material no longer develops peak shear strength at large
scale.

For the interfaces between cement foam and concrete
blocks, both the peak and residual shear strengths exhibit
scale dependence—that is, shear strength decreases with
larger shear area. Peak shear strength decreases from the
range of 0.71 to 0.81 MPa (103 to 117 psi) for small labora-
tory-scale specimens with a shearing area of about 0.006 m2
(10 in.2) to the range of 0.08 to 0.16 MPa (11 to 23 psi) for
large MRS test specimens with an area of 1.486 m? (2,304
in.2). Residual strength also decreases from about 0.27-0.29
MPa (39-42 psi) for 0.006-m? (10-in.2) specimens to about
0.08-0.16 MPa (11-23 psi) for 1.486-m? (2,304-in.2) speci-
mens, as shown in Fig. 14.

Several factors could explain the scale effect in this shear

Table 6 — Summary of shear strength test results along cement foam/cement foam and cement foam/concrete block
interfaces at different scales.
Cement foam Cement foam/ Cement foam/con- Cement foam/con-
Property/testing scale . concrete roof block crete strong floor crete weak floor block
material . . -
interface block interface interface
Small direct sh
Teasts (')rzgesmjar 0.88/0.39 0.81/0.28 0.8/0.29 0.71/0.27
5 B (128/56) (117/40) (116/42) (103/39)
Py (10 in2)
< 5 .
L a Large direct shear
T - not 0.17/0.11 0.3/0.23 not
=) tests 0.084 m? applicable (25/16) (44/33) applicable
3 £ (130 in2) PP PP
2 B
& MRS tests 1.486 m?2 0.39/0.39 0.08/0.08 0.16/0.16 0.15/0.15
(2304 in2) (57/57) (11/11) (23/23) (22/22)
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strength data. As described earlier, the large specimens tested
in the MRS developed internal heat due to the exothermic
cement hydration reaction. These large specimens became
warm to the touch [about 339K (150°F)] and emanated water
vapor for several hours early in the cure period. This inter-
nal heating could have induced cracking within the large test
specimen that could lead to a strength decrease. The internal
heating phenomenon was not observed with the smaller-scale
test specimens with shearing areas of 0.006 and 0.084 m2 (10
and 130 in.2). Although the cement hydration reaction still
produced heat, the small specimen size enabled rapid heat
dissipation, and a temperature rise was not detected. How-
ever, as seen in Fig. 14, the 0.084-m? (130-in.2) test speci-
mens also exhibit decreases in peak and residual strengths
that are comparable in magnitude to that seen with the 1.486-
m? (2,304-in.2) test specimens. The internal heating was not
seen in the 0.084-m? (130-in.2) test specimens, and peak and
residual shear strength still decreased at this scale. Thus, the
internal heating experienced by the large MRS test specimens
does not adequately explain the observed shear strength de-
crease, although it may have contributed somewhat.

The preferred explanation for the observed shear strength
decrease is the non-uniform shear stress distribution across
the shearing area at larger scales. The shear strength of a
surface can reach high strength; however, this peak shear
strength is localized and can only occur over a small area. The
small laboratory specimens had shearing area of about 0.006
m? (10 in.2) and diameter of about 76 mm (3 in.). The applied
shear stress across this surface is nearly uniform. Because
of the small scale and the uniform shear stress distribution
across the shearing surface, the small shear area tests capture
the highly localized peak shear strength before decreasing to
the residual shear strength for the surface. With larger-scale
tests, the applied shear stress across a failure surface is non-
uniform. The shear stress is greater when closer to the load
application point and decreases further away. The non-uni-
form shear stress across the shearing surface leads to a pro-
gressive failure across the surface. Locally with small surface
area, shear failure occurs at peak shear strength; however,
for the overall failure surface, shear failure occurs at aver-
age shear strength that approaches the residual shear strength
of the material or the interface. Numerous research works
confirm the shear strength scale effect observed in this study
and verify that the shear strength converges to the residual
strength of the material or interface as the test size increases
(Alejano and Alonso, 2005; Bandis, 1980; Ueng et al., 2010).

To confirm the shear strength data shown in Fig. 14 on
a large shearing-area scale, numerous tests on cement foam
seal structures conducted at Lake Lynn Laboratory were
back-analyzed to place bounds on the shear strengths of ce-
ment foam/surrounding rock interfaces. Table 7 summarizes
the back-analysis results from 19 tests on 10 different struc-
tures. Most of the tests in this table were explosion tests in
which a methane-air mixture was ignited to apply pressure
to the test structure. The last three tests in Table 7 were hy-
drostatic tests in which water was pumped into a hydrostatic
test chamber to apply pressure to the test structure. Most
tests used cement foam having an unconfined compressive
strength of about 2.41 MPa (350 psi). The rock surrounding
the test seals at Lake Lynn Laboratory is limestone with a
compressive strength of about 68.97 MPa (10,000 psi). From
the maximum pressure on the test seal face and the seal di-
mensions, the maximum shear stress around the perimeter of
the seal is calculated using statics. Explosion test outcomes
that did not induce perceptible damage to the test seal give a
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terface: cement foam material; cement foam/concrete roof
block interface; cement foam/concrete strong floor block
interface; cementfoam/concrete weakfloor blockinterface.

0.25 + 0.25
| Test Test Test
‘ C7- C7-68W C7-7T0W
0.2 | L2 &
| =
g |
S 015 1 -oas £
< —
g 3
g 0.1 - 01 @
£ | &
= Pressure E
0.05 - 0.05 Z
| Average shear
stress
0 o it 0
0 10 20 30 40 50 60

Displacement, mm

Figure 15 — Horizontal face pressure versus displacement
curve and cement foam/rockinterface average shear stress
versus displacement curve for cement foam seal tested
in hydrostatic chamber at Lake Lynn Experimental Mine.

lower bound estimate for the shear strength along the cement
foam/rock interface. Explosion test outcomes that destroyed
the seal give an upper bound estimate for the shear strength at
this interface. From these explosion tests, the shear strength
at the cement foam/rock interface is at least 0.21 MPa (31
psi) and up to 0.34 MPa (49 psi). However, the maximum
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Table 7 — Summary of cement foam/rock interface shear strength back-calculated from Lake Lynn Experimental
Mine (LLEM) tests (Zipf et al., 2009).
LLEM test # and W, m H, m Maximum Average she:ar
structure (ft) (ft) T, m (ft)  face pressure, stress at perim- Test outcome Reference
MPa (psi) eter, MPa (psi)
5.9 2.1 0.9 0.26 >0.22
354 — structure 1 No damage
(19.4) (6.90) (3.00) (37.9) (>32.2) Weiss et al.
355 — structure 1 5.9 2.1 0.9 0.23 >0.19 No d (2002)
- structure o damage
(19.4)  (6.90)  (3.00) (32.5) (>276) g
5.9 21 0.9 0.25 >0.22
354 - structure 2 No damage
(19.4) (6.90) (2.83) (36.0) (>32.4) Weiss et al.
355 - structure 2 5.9 2.1 0.9 0.27 >0.24 No d (2002)
- structure o damage
(19.4)  (6.90)  (2.83) (38.2) (>34.4) 9
5.8 2.3 0.8 0.21 >0.22
354 - structure 3 No damage
(19.0) (7.55) (2.50) (30.1) (>32.5) Weiss et al.
5.8 2.3 0.8 0.20 >0.21 (2002)
355 - structure 3 No damage
(19.0) (7.55) (2.50) (28.5) (>30.8)
6.0 2.2 0.6 0.21 > 0.27
354 - structure 4 No damage
(19.7) (7.22) (2.00) (30.1) (>39.8) Weiss et al.
6.0 2.2 0.6 0.20 >0.26 (2002)
355 — structure 4 No damage
(19.7) (7.22) (2.00) (28.5) (> 37.6)
5.8 2.1 0.8 0.14 >0.14
403 - structure 5 No damage
(19.0) (6.75) (2.50) (20.8) (>20.7)
5.8 2.1 0.8 0.20 >0.20 Weiss et al.
404 - structure 5 No damage
(19.0) (6.75) (2.50) (28.7) (> 28.6) (2002)
5.8 2.1 0.8 0.19 >0.18
405 - structure 5 No damage
(19.0) (6.75) (2.50) (26.7) (> 26.6)
5.7 2.2 1.6 0.46 >0.23 Weiss and Har-
508 — structure 6 No damage .
(18.7) (7.30) (5.10) (66.0) (> 34.0) teis (2008)
A > 0.22
verage
9 (>31.4)
5.8 2.1 0.8 0.25 <0.24 Weiss et al.
406 - structure 5 Destroyed
(19.0) (6.75) (2.50) (35.4) (< 35.3) (2002)
C3-44E - 6.5 2.7 1.2 0.22 <0.17 Sapko et al.
Destroyed
structure 7 (21.2) (8.70) (4.00) (32.0) (<24.7) (2005)
L2-51E - 9.4 4.8 1.2 0.19 <0.25 Sapko et al.
Destroyed
structure 8 (30.8) (15.6) (4.00) (27.5) (< 35.6) (2005)
509 - struct 6 5.7 2.2 1.6 1.36 <0.69 Dest d Weiss and Har-
- structure estroye
(18.7) (7.30) (5.10) (195.5) (< 100.6) v teis (2008)
<0.34
Average
verag (< 49.0)
C7-64W - 6.5 2.7 1.2 0.15 > 0.1 No d
o damage
structure 9 (212)  (870)  (4.00) (21.0) (>16.2) ¢
C7-68W — 6.5 2.7 1.2 0.21 0.16 Sapko et al.
No damage
structure 9 (21.2) (8.70) (4.00) (30.5) (>23.5) (2005)
C7-70W - 6.5 2.7 1.2 0.17 0.13
No damage
structure 9 (21.2) (8.70) (4.00) (25.0) (>19.3)
A 0.14
verage
9 (>19.7)

face pressure stated in Table 7 is a short duration explosion
pressure, and thus, the estimated static shear stress at the pe-
rimeter is likely an overestimate.

The last three tests in Table 7 were conducted in the hy-
drostatic test chamber on the same test seal, and Fig. 15 com-

piles the measured stress-displacement curves for each test
into one relationship. As shown in Fig. 15, these tests give an
estimate of the residual shear strength of about 0.14 MPa (20
psi), which is consistent with the residual shear strength data
presented in Fig. 14.
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Conclusions

The laboratory-scale testing and large MRS-scale testing
provided extensive shear strength data on cement foam ma-
terial and the interface between cement foam and concrete.
Shear strength tests on the laboratory scale showed elastic-
brittle behavior. The measured shear stress versus displace-
ment curves for laboratory test specimens rise to a peak shear
strength and then decrease to a residual shear strength with
continued displacement. Larger-scale direct shear laboratory
tests showed less brittleness behavior and the large MRS-
scale tests showed elastic-plastic behavior where the peak
shear strength was similar to the residual strength. For the ce-
ment foam material, the residual shear strength appears to be
about 0.39 MPa (56 psi) for the material tested, and that shear
strength appears to be scale-independent. For interfaces, the
residual strength may be about 0.08 MPa (11 psi) along the
cement foam/concrete roof block interface, and about 0.15-
0.16 MPa (22-23 psi) along the cement foam/concrete floor
block interface. The difference between roof and floor block
shear strength probably arises due to the construction pro-
cedure, which favors better bonding along the lower (floor)
interface. These shear strength values agree with the values
back-calculated from the Lake Lynn Laboratory full-scale
experiments (Weiss et al., 2002; Sapko et al., 2005; Weiss
and Harteis, 2008).

When using an equivalent static method such as the plug
formula for structural analysis of a cement foam seal, the de-
signer should use the residual shear strength determined from
small laboratory-scale tests of cement foam/concrete or rock
interfaces as the best approximation for shear strength in de-
sign. That residual strength value is about 0.14 MPa (20 psi),
as shown in Fig. 14.

The large MRS-scale tests of cement foam seals provid-
ed resistance functions useful for seal design using SDOF
methods of analysis. A resistance function is the same as the
measured applied horizontal pressure on the seal face versus
horizontal displacement at seal mid-height curve as shown
in Figs. 7 and 8 or 12 and 13. Figure 16 shows general re-
sistance functions for hitched and non-hitched seals that can
be used with the SDOF method of analysis for seal design.
These general resistance functions are linear elastic up to
about 0.14 MPa (20 psi) for non-hitched seals and 0.17 MPa
(24 psi) for hitched seals. Beyond those stresses, the shear
resistance increases in both cases, but at a lower rate.

Analysis of the large-scale tests in the MRS with finite
element methods provided the single set of input parameters,
summarized in Table 5, that replicate the observed applied
face pressure versus horizontal displacement data with fideli-
ty as shown in Figs. 12 and 13. As shown in Table 5, the best-
fit shear strength values for the cement foam/concrete strong
floor block are a cohesion of 0.15 MPa (22 psi) and friction
coefficient of 0.5. The developed FE models can be used to
calculate the resistance functions of cement foam seals with
dimensions other than the ones conducted in this study.

In these large-scale tests of simulated cement foam coal
mine seals, the capacity of the structure is controlled by fail-
ure along an interface between cement foam and concrete.
To improve the capacity of the structure, the shear strength
of the surrounding interfaces must be increased. The seal
structure—whether it is a wall- or plug-like structure—re-
quires anchorage to the surrounding rock mass. The test
data reported in this study and back-analysis of other test
data suggests that relying on friction along that interface
may be inadequate. A designed shear connection involving
rock bolts and steel reinforcement bars with embedded wire
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mesh may be a better solution.
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