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ABSTRACT

Hollow Cylinder Dynamic Pressurization and Radial Flow Through Permeability Tests
for Cementitious Materials. (August 2008)
Christopher Andrew Jones, B.S., Texas A&M University; B.A., Southwestern
University

Chair of Advisory Committee: Dr. Zachary C. Grasley

Saturated permeability is likely a good method for characterizing the susceptibility of
portland cement concrete to various forms of degradation; although no widely accepted
test exists to measure this property. The hollow cylinder dynamic pressurization test is
a potential solution for measuring concrete permeability. The hollow cylinder dynamic
pressurization (HDP) test is compared with the radial flow through (RFT) test and the
solid cylinder dynamic pressurization (SDP) test to assess the accuracy and reliability of

the HDP test.

The three test methods, mentioned above, were used to measure the permeability of
Vycor glass and portland cement paste and the results of the HDP test were compared
with the results from the SDP and RFT tests. When the HDP and RFT test results were
compared, the measured difference between the mean values of the two tests was 40%
for Vycor glass and 47% for cement paste. When the HDP and SDP tests results were

compared, the measured difference with Vycor glass was 53%. The cement paste



permeability values could not be compared in the same manner since they were tested at

various ages to show the time dependency of permeability in cement paste.

The results suggest good correlation between the HDP test and both the SDP and RFT
tests. Furthermore, good repeatability was shown with low coefficients of variation in
all test permutations. Both of these factors suggest that the new HDP test is a valid tool

for measuring the permeability of concrete materials.
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1 INTRODUCTION

1.1 PROBLEM STATEMENT

Though generally considered a very durable material, portland cement concrete has
shown significant susceptibility to various forms of chemical and physical damage
which reduce the service life of many concrete structures. Not surprisingly, the problem
of concrete durability has a significant monetary impact on society. Various studies have
tried to quantify the impact of these mechanisms with most estimates ranging in the
billions of dollars per year in the United States alone [1] where much of the cost is borne
by the taxpaying public. Corrosion of reinforcing steel is the most widespread form of
concrete deterioration which is directly related to the ability of external chloride ions

(usually in solution) to move into the pore network and react with the reinforcement [2].

Many if not all, of these degradation mechanisms are tied to moisture within the
concrete. Alkali-aggregate reactivity [3], sulfate attack [4], corrosion of reinforcing steel
[5], and freeze-thaw damage [2] are examples of real-world problems that are related to
moisture intrusion into the pore network of the concrete. It has long been theorized that
there is a fundamental link between concrete permeability and its durability [6] though
real scientific data to support this claim is lacking. In many cases the actual mechanism

of ion or moisture movement within the material is not saturated flow, but vapor

This thesis follows the style of Cement and Concrete Research.



diffusion or capillary sorption [7]. Nonetheless, the interplay of the various transport
mechanisms is far from being fully understood, and saturated permeability provides a
consistent and reproducible measurement of the penetrability of the concrete. In theory
establishing the connection between saturated permeability and the various forms of
concrete degradation would be a rather simple experiment, but due to the lack of a
consistent and repeatable concrete permeability test the relationship between the various

degradation mechanisms and permeability is not clearly defined.

As mentioned above, permeability, the relative resistance of a material to fluid
transmission under pressure, seems to be a very good parameter for characterizing
durability in concrete, though traditional methods of measuring this property leave much
to be desired. Despite the importance of moisture intrusion into cementitious materials,
and the potential utility for assessing concrete durability, to date no widely accepted
technique for quantifying material permeability has been developed [7]. As the
construction industry as a whole moves toward performance specifications the need
arises for a reliable method of assessing the durability potential of portland cement
concrete. An expeditious, accurate and consistent permeability test could potentially
help fill this void. This type of test could be used for qualifying concrete mixtures by
casting and testing trial cylinders. The test could also be used in the quality

control/quality assurance by testing cylinders or cores respectively.



This research presents a pair of possible concrete permeability tests than could
accommodate various materials with a wide range of material permeability values.
Furthermore, the tests will be relatively quick to run and will show good repeatability

and accuracy.

1.2 SCOPE

The permeability measurement techniques used in this research are generally not widely
used and in the case of the Hollow Dynamic Pressurization (HDP) technique mostly
unprecedented. For this reason, this research required a two part approach. The first
part included the conceptual and theoretical development of the test methods while the
second part included the experimental comparison of the methods to assess their
accuracy, repeatability, and agreement. The general objectives of this research can be
summarized as the successful development of an apparatus which can be used to test the
permeability of various cementitious materials ranging from very permeable to almost

impermeable.

1.3 THESIS OUTLINE

The second section of this document identifies the prior attempts to address the problems
outlined in section 1.1. The third section outlines the development of the physical
permeability testing apparatus and describes each apparatus in detail. The fourth section
details the theory behind the radial flow through (RFT) test and the hollow dynamic
pressurization (HDP) test. The fifth section discusses the specimen preparation and the

general scheme for conducting the experimental part of the research. The sixth section



presents the results of the testing of both Vycor glass as well as cementitious materials.
The seventh section presents a summary of, and the conclusions gained from, this

research.



2 CURRENT STATE OF PERMEABILITY MEASUREMENTS

Permeability is generally described according to Darcy’s Law

1-—Xup 1)

un

which relates the amount of fluid flow through a material, J, to the applied pressure
gradient, VP, the viscosity of the fluid moving through the material, 7., and the
permeability, k. The classic problem with measuring the permeability of concrete is that
the permeability is relatively low, and as such the amount of fluid flow is also relatively
low. Since the fluid flow is typically measured, a low volume of fluid movement makes
measurement sensitivity much more important. Practically the level of sensitivity

needed is often difficult to obtain.

2.1 DIRECT PERMEABILITY MEASUREMENT

A typical permeability test would involve applying a differential pressure head to a
sample and measuring the amount of fluid that passes through the sample in a specified
period of time. Ye demonstrates a typical measurement technique involving several
samples measured simultaneously [8]. Hearn and Mills propose a similar apparatus [9],
though only one specimen is tested at a time. This measurement technique is considered
direct since the measured quantity is the amount of fluid permeating through the material

with respect to time. This type of method tests the permeability of a specimen and



assumes that the material is homogeneous across the entire specimen but cracks or other

irregularities can have a significant impact on the measured permeability.

The chief drawback of current permeability measurement techniques is the large amount
of time required to run a single test. Traditional methods of testing concrete
permeability can take as long as several weeks to run and show high variability and
limited repeatability [10]. Saturation of the specimens plays a role in the equilibration
time for each direct permeability test. Specimens containing as little as 1% entrapped air
(by volume) take 10 times longer to reach equilibrium flow than a saturated specimen
[11]. Furthermore, the long test duration completely precludes permeability testing at
early ages since the specimen being tested would age significantly during the test. To
address the problem of slow flow rates, an increased pressures gradient is often
employed to minimize test duration. With the increased pressure often comes a host of

other problems such as specimen damage or leaking around seals [12].

2.2 NON DIRECT PERMEABILITY MEASUREMENT

Novel approaches based on poromechanics have recently been developed in an effort to
more rapidly and accurately measure the permeability of cementitious materials.
Poromechanical techniques involve measuring the time dependent deformation of a
specimen related to fluid flow in the pore network induced by externally applied stress
or temperature change. All of these tests have the advantage of being fast (the analysis
is performed on non-steady state flow), though in some cases, the test requirements are

impractical. Various examples are discussed by Scherer et al. [12] including beam



bending [13], thermopermeametry [14], and dynamic pressurization [15]. The beam
bending technique involves a saturated, slender rod of material that is bent in a simple
three point loading while the amount of force required to maintain the displacement is
measured. As the rod is flexed, the material above the neutral axis experiences a
compressive stress while the material below the neutral axis experiences a tensile stress.
This stress gradient drives fluid from the top of the beam to the bottom and the time
required to relax the induced stress indicates the permeability of the material.
Thermopermeametry forces fluid movement by applying an increased temperature to
one end of a saturated sample and measures the kinetics of thermal dilation. Both of
these methods work reasonably well for model materials like Vycor glass or cement
paste, but have significant limitations when real construction materials are used. The
dynamic pressurization technique is of great interest because it seems to have the fewest
practical limitations and therefore could potentially be used outside of research to aid the

construction facilitation process.

The dynamic pressurization method involves the rapid hydrostatic pressurization of a
cylindrical specimen within a pressure cell. The cylinder responds with a volumetric
contraction that is dependent on the bulk modulus of the specimen and the pore fluid
[15]. Then, as fluid flows into the pores of the specimen, the cylinder expands at a rate
that is related to the rate of fluid flow in the pore network. By measuring the strain-time
history, the permeability of the specimen can be obtained in a reasonable amount of time

since the data collection occurs during the non-steady state flow condition.



The primary drawback of the SDP method is the requirement for complete saturation of
the pore network prior to testing a sample [16]. Since gas bubbles are highly
compressible, their presence in the pore network slows the expansion. Even though fluid
is entering the specimen, the associated fluid influx goes to compressing the bubbles
rather than increasing the pore fluid pressure. Finally, since the response is time
dependent, this delay makes the results difficult if not impossible to interpret. Air
volume fractions of 1% will double the equilibration time of the test, which significantly
changes the measured permeability [15]. Obtaining complete saturation is possible for a
lab prepared sample with a relatively high w/c (0.5 or greater) when proper procedures
are observed from the moment of casting. Unfortunately, as the w/c drops, or if the
proper procedures are neglected, saturation becomes much more difficult to obtain. Re-
saturating a dried specimen, such as a field core, is equally difficult based on previous
experience. A w/c of 0.4 represents the extreme practical limit of the SDP method and

most realistic construction materials are somewhere near this value or even lower.



3 DEVELOPMENT OF ANEW PERMEABILITY TESTING

APPARATUS

3.1 GENERAL APPARATUS REQUIREMENTS

As mentioned previously, the dynamic pressurization technique has a major limitation
regarding the saturation of specimens. For this reason, one of the primary focuses of this
research is to develop a method of saturating existing specimens for use with the
dynamic pressurization method. To accomplish this task, a hollow specimen is
considered so that a hydrostatic pressure can be applied to the outer radial surface of the
specimen, forcing fluid into the pore network and forcing air through to the inside
hollow core. This arrangement allows a relatively high hydrostatic pressure to be
applied which allows for a large pressure gradient, while posing little danger of
damaging the specimen. It is clear that this arrangement allows for a flow through
permeability measurement to be made while saturating the specimen for dynamic
pressurization. The apparatus will also need to be able to perform this type of flow
through permeability measurement while also being able to perform dynamic

pressurization method.

For the saturating specimens and for the dynamic pressurization technique, a significant
hydrostatic pressure needs to be applied to a specimen. With this in mind, the primary
component of the permeability testing apparatus is the pressure vessel which can

withstand a significant internal pressure without leaking. Ideally the pressure vessel
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would serve as a base on which various permeability tests could be run. As mentioned
previously, measuring concrete permeability requires great sensitivity so an LVDT with
high accuracy is employed. Also since many data points must be collected for both the
dynamic pressurization method and for the flow through method, an electronic data
collection system should be employed to minimize the time required with the apparatus.
The apparatus should be able to test very permeable (young or high w/c) as well as very

impermeable specimens (mature or low w/c or both).

The preceding requirements are very general and would apply to any concrete
permeability testing apparatus. Because the dynamic pressurization technique is
employed, certain other requirements are considered. An interesting requirement related
to applying high pressure to a sample is the need for a means of reliving the pressure
slowly to avoid high tensile stresses associated with a rapid depressurization of the

pressure vessel.

3.2 RADIAL FLOW THROUGH APPARATUS

While saturating the specimen for dynamic pressurization, a flow through measurement
of permeability can be made by applying the radial flow through (RFT) technique. The
RFT test is relatively simple in concept and involves the application of a hydrostatic
pressure to the outer face of a hollow cylindrical sample. This test apparatus is a hybrid
between one used by Banthia [17] and one developed by EI Dieb and Hooten [18]. As
the fluid moves through the pore network of the sample there is a net increase in the

fluid level inside the center hollow “tube.” By monitoring this fluid level with an LVDT
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over time, a flow rate can be determined and the intrinsic permeability, k, can be
calculated according to

k _ an In[Ro / R|]
2P 7h

out

)

where R, and R; are the outer and inner radii of the sample and h is the height or length

of the sample. P, is the pressure applied, q is the flow rate measured with the LVDT

and 7 is the viscosity of the fluid used for testing. The intrinsic permeability, k, is a

property only of the porous body through which the fluid flows. Intrinsic permeability

has the dimensions of length squared, and can be converted to water permeability, ky,

according to

k, =29k, (3)
M

where p is the density of water, g is the acceleration due to gravity and #,, is the viscosity

of the water. At room temperature, k,, (m/s) is approximately equal to 10" k (m?).

Figure 1 illustrates the flow through apparatus.
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LVDT coil
LVDT core TTJ H
Pressure | . l
sensor S Electric-hydraulic
ydraulic
Threaded CTE
Pipe Datalogger
Steel end
caps

Hollow cylindrical specimen

Testing Fluid (water etc.)

Figure 1: The radial flow through (RFT) apparatus that pressurizes the outer surface of a sample
and monitors the fluid volume that flows through as a function of time.

The apparatus shown in Figure 1 allows various levels of pressure to be applied to the
sample depending on its particular geometry, its relative permeability, and its strength.
For a more impermeable or thicker specimen, the pressure on the outer face can be
increased to increase the rate of fluid flow through the sample. Conversely, a very
permeable (young) or thin walled specimen can also be tested by reducing the applied

pressure.
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3.3 HOLLOW DYNAMIC PRESSURIZATION APPARATUS

The hollow dynamic pressurization apparatus involves a pressure chamber, in which the
specimen is pressurized, that can withstand an internal pressure of 13.5 MPa (2000 psi).
As shown in Figure 2, the hollow specimen is attached to the top of the pressure
chamber and is suspended in the fluid. The stainless steel LVDT connecting rod runs
through the hollow center of the specimen up to the LVDT coil. This LVDT system
(which is also used in the SDP) is completely non-contact, which allows the chamber to

be completely sealed with all electrical connections outside the chamber.

The hydrostatic pressure was applied using an electric hydraulic pump which produced a
relatively constant pressure that was regulated with a vented, inline pressure regulator.
This setup allowed both pressurization and step depressurization, which is important to
avoid high internal tensile stresses associated with a rapid release of the applied pressure
[15]. The pressure was recorded with an electronic pressure sensor capable of 0.25%
accuracy and was logged along with the displacement data using an electronic data

logger.
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LVDT coil
LVDT core HJ
Pressure 1 —
sensor Electric-hydraulic
Hydraulic pump
oil Threaded
Pipe Datalogger
— | ! —
1<l
—_— 14! «—
Steel end ! .
—_— 1! |— Stainless Steel rod
caps 14!
I ]
— I | <
Testing Fluid (Water etc.) Hollow cylindrical specimen

Figure 2: The hollow dynamic pressurization (HDP) apparatus consists of a pressure vessel and a
non-contact LVDT system which measures the axial deformation of the specimen.

As mentioned above, the main advantage of the hollow specimen geometry is the ability
to saturate a specimen by applying an external hydrostatic pressure. To facilitate this
procedure, both the end plates and caps, shown in the figure on page 33, were drilled
through and tapped with a 0.25 inch NPT pipe tap so that the specimen could be
threaded onto a 0.25 inch pipe nipple which allowed the specimen to “hang” from the lid
of the pressure chamber. The specimen was also plugged at the bottom end with a 0.25
inch NPT plug so that fluid only traveled through the sample and not through the ends.
To saturate the specimen, a moderate hydrostatic pressure (70 kPa to 3.5 MPa) was
applied to the outer surface of the specimen depending on the age and relative strength

of the specimen. Since the specimen was sealed at both ends, the fluid would flow
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through the material into the inner core, thus saturating the pore network. The amount of
fluid which moved through the specimen was monitored with time and once an
equilibrium flow rate was established, the specimen was considered saturated. This
moderate pressure was then relieved slowly to minimize tensile stress related micro-
cracking, and then the plug at the bottom of the specimen was removed and replaced
with a perforated 0.25 inch NPT plug which was attached to the LVDT connecting rod.

The saturated specimen was then ready for HDP testing.

3.4 SOLID DYNAMIC PRESSURIZATION APPARATUS

The SDP apparatus is very similar to the hollow dynamic pressurization apparatus, but
for a few key differences. The solid specimens rest on the bottom of the pressure
chamber with the stainless steel LVDT connecting rod extending from the top of the
specimen up to the LVDT coil as shown in Figure 3. Since no end plates were used with
the solid specimens, the LVDT connecting rod was attached to the top of the solid
specimens directly. With the Vycor rods, a small nut was threaded on and then glued to
the LVDT connecting rod and this nut was glued directly to the top surface of the Vycor
rod. For the cement paste, a small hole, slightly larger in diameter than the LVDT
connecting rod, was drilled into the top of the specimen, to a depth of approximately 5
mm, and was then filled with marine epoxy. The rod was then fitted into this small hole
and the epoxy was allowed to cure. This particular arrangement is necessary since there
is no hollow center in the specimen through which to run the steel LVDT connecting

rod.
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LVDT coil
LVDT core

Pressure

sensor Electric-hydraulic

Hydraulic um
oi‘l Threaded EF

: : Pipe Datalogger
Testing Fluid

Steel rod

Solid cylindrical specimen

Figure 3: The solid dynamic pressurization (SDP) apparatus consists of a pressure vessel and a non-
contact LVDT which measures the axial contraction of the specimen.

In order to measure the displacement of the specimen as it is compressed, the same non-
contact LVDT system was employed with an electronic automated data logger. The
magnetic core of the LVDT was mounted to a stainless steel threaded rod and the rod
was attached to the specimen. In the case of the solid samples the rod was attached to
the top plate of cement paste samples by means of a threaded connection and a stop nut,
while the threaded stainless steel rod was glued directly to the top of the Vycor glass rod

since no plates were used.
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4 TEST THEORY

This research utilized three tests, one flow through test and two geometries of the
dynamic pressurization technique. The theory behind the solid cylinder dynamic
pressurization test was developed by Scherer [15]. In this research the hollow cylinder
geometry was considered for dynamic pressurization and for flow through. In the
subsequent sections the theory behind the radial flow through (RFT) test and the hollow

cylinder dynamic pressurization (HDP) test are derived.

41 RADIAL FLOW THROUGH

Darcy’s law may be expressed as

1--Kop (4)

un
where J is the flux (dimensions of length/time), 7. is fluid viscosity (dimensions of
length-time), k is the intrinsic permeability (dimensions of length squared), P is pore

fluid pressure, and V is the gradient, expressed as

V=r—+0—+1—. (5)

For the radial permeameter problem,

_oP

VP=—
or

(6)



18

since the pressure distribution is irrotational and does not vary along the length.

Therefore,
__tor (7)

where q is the flow rate (dimensions of volume/time), and A is the cross-sectional area of
flow, which is 2zrh where r is the radial coordinate and h is the specimen height. Eq.
(7) may then be expressed as

q —k oP

=, 8
2zrh n or ®)

the solution of which is

qn, Inlr]
P(r)=C-—-—= 9
(r) 2k ©9)
where C is a constant. For a hollow cylinder with a pressure Py applied to the outer

surface, and with a negligible pressure on the inner surface,

C — an In[Ro]

10
2k zh (10)

where a is the inner radius. The permeability solved as a function of flow rate due to
Pout iS

out
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4.2 HOLLOW DYNAMIC PRESSURIZATION

The general solution for the axial strain in a hollow poroelastic cylinder has been derived
by Kanj and Abouslemein [19, 20] and [21]. While this solution may be used to solve
the problem in the Laplace transform domain, it requires numerical inversion into the
time domain. In order to devise a simple approximate solution in the time domain, it is
useful to approach the problem in the same manner that Scherer [15] solved for the axial
strain in a solid poroelastic cylinder exposed to hydrostatic pressure. Viscoelastic
relaxation of the materials was not considered since Scherer [15] demonstrated that such

relaxation had a minimal effect on the outcome of the test.

The poroelastic constitutive equation for the axial plane strain (¢,) is

£.(t) = Ei{oz(r,t) —v,[o, (RO + o, ()]} + 2, () (12)

p

where o,, 0,,and o, are the axial, radial, and tangential stresses, E  is the Young’s
modulus of the porous body, v, is the Poisson’s ratio of the porous body, and r and t are

the radial coordinate and time, respectively. The free strain is given by

bP(r,t)

& (r,t) = 3K
p

(13)

where P is the pore pressure, K is the bulk modulus of the porous body, and
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KP
b:1_K_ (14)

is the Biot coefficient. K, is the bulk modulus of the solid material skeleton. Assuming

the pore fluid transport obeys Darcy’s Law, the continuity equation may be expressed as

PILY | becr.t) = X v2p(r. ) (15)

Un

where K is the intrinsic permeability of the porous body (in dimensions of length

squared), 7, is the pore fluid viscosity, ¢ is the volumetric strain, the overhead dots
represent a partial time derivative, and

M =1/(i+b_—ﬂ (16)
K, K

L S

is the Biot modulus. K, is the bulk modulus of the pore fluid and ¢ is the volumetric

pore fraction of the porous body.

In this problem, we are considering a porous hollow cylinder that is pressurized
hydrostatically. However, no fluid flow is allowed through the axial faces such that only

radial flow is considered. Therefore, eq. (15) becomes

P(u,t) k 13@ aP(u,t)J .
M Sre— (17)

+be(u,t) = =
n.(R,—R) uau au
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where u=r/(R, —R;) is a dimensionless radial coordinate with r the radial coordinate,

R, the outer radius of the cylinder, and R; the inner radius of the cylinder. As with a

solid cylinder [15, 16], the volumetric strain of a hollow cylinder exposed to an applied

hydrostatic pressure Pa is

e(u,t) =3P, +3(1-B) (& (1)) —%

p

where (g, (t)y is the volumetric average of the free strain such that

2 Ry Z(R _R) Ro /(Ry—Ri)
t))=—— r,tyrdr=—=2 2 uUR —uR,t)udu.
(@O = gy e (rordr == g [ a1@R—0Ru

The constant £ is defined according to [15]

B l+vp
3(1-v,)

By combining egs. (13), (17), and (19) a partial differential equation for the pore

pressure is obtained in the same form as for a solid cylinder,

00 1-(1-pB)br | 06 1-p)ba ) 06 uou

where

oMb
Kp+Mb

8P(u,¢9)+( (1- B)ba Jame»_( 2 JaPA(H):ii(uaP(u,H)
1-(

)

(18)

(19)

(20)

(21)

(22)
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The dimensionless time is 6 =t/z, where 7, is a relaxation time expressed as

7, = n (R, — Ri)2 (ﬂbz _,_ij (23)
k K M

p

which controls the rate of pore pressure equilibration. In comparison to the relaxation
time for the solid cylinder denoted in [15], the only difference in the expression for the

relaxation time of the hollow cylinder is that the radius of the solid cylinder, R, is

replaced by the term (R, —R)) .

The goal of the following discussion is to illustrate a method for deriving an

approximate analytical expression for z, as a function of ¢, (t) in the time domain. The

solution of eq. (21) is readily obtained in the Laplace transform domain. The result is
the transformed pressure as a function of u and s (the reduced time transform variable).

Consider a step pressurization as a function of time, i.e.
P(t)=H()P,, (24)

where H(t) is the Heaviside function and P, is the magnitude of the applied pressure.

In this case, the axial strain immediately after the pressurization is

£,(t%) =—(1—ha) (25)

P
3K

p

which is the same as for a solid cylinder. The final strain after pressurization is



23

£.(t—>o0) = ;;’A, (26)

S

which is also the same as for a solid cylinder. The time-dependent axial strain may

therefore be expressed as

£,(0) = £,(6 — ) +{£,(6°) — £,(8 — *)} (&) (27)

where Q(6) is the compliance function. The Laplace transform of eq. (27) is simply
£,(5) =5&(s > 0)+{sz(s > ) —sz (s > 0)} Q(s) (28)

where the overbars denote the Laplace transformed quantities, s is the transform

variable, and the initial and final value theorems of Laplace transforms are used.

The stresses in the hollow cylinder, o, (r,t), o,(r,t), and o,(r,t), can be determined

using the thermoelastic solution of a long, hollow cylinder [22] since thermal strains
caused by variations in temperature are analogous to the free strains (eq. (13)) caused by

changes in pore pressure. By combining the transformed stresses with the transform of

eq. (12) and P(u,s,R, /R found by solving eq. (21) in the Laplace Transform domain,
g,(s) was be determined as a function of P. Then, by substituting &,(s) into eq. (28),
Q(s) was determined. The answer was inverted numerically into the reduced time

domain with the Stehfest Algorithm [23, 25] to obtain €(6). The relaxation functions

for a hollow cylinder and for a solid cylinder [15] are plotted in Figure 4.
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Figure 4. Comparison of relaxation functions for solid and hollow cylinders. Note that the early
behavior (6 < 0.01) is comparable for both functions. In this case R,/R; is equal to 3.937 which
corresponds to a 10.16 cm (4 inch) diameter cylinder with a 2.54 cm (1 inch) diameter hole.

The important feature to recognize in Figure 4 is that at short times (& < 0.01), the solid
and hollow cylinder functions are virtually identical. The implication is that the short-
time response of the hollow cylinder is able to be represented by the same function as

the solid cylinder, shown by Scherer [15] to be
4
Q) ~1-——[1-(1-B)ba o 29
©)~1-—=[1-(1-p)b2] | (29)

As a result, the relaxation function over the full time span can be approximated by a

function of the form
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Q(0) ~exp {%[1—(1— ﬂ)bﬂ][e;__—‘{g} (30)

where m and n are fit parameters. For the hollow cylinder these fit parameters m and n
are dependent on the geometry of the specimen being tested, particularly the ratio of the

outer and inner radii (R,/R;). The equations for determining m and n are

R -0.19623
m :5.6152[—°j (31)
Ri
and
R 1.8506
n =0.40086 + 0.0056243 x Ln[ﬁ"j (32)

where the numerical coefficients are determined by curve fitting the m and n results of

several different radius ratios as shown in Figure 5 and Figure 6.

For the solid cylinder, equation (28) can also be used since the initial and final strains are
identical to those of the hollow cylinder. Equation (30) is also identical except that for
the solid cylinder the value of m=2.2 and the value of n=0.55 according to [15, 25].
Equation (23) changes to account for the lack of a hole in the center of the specimen to

become

2 2
Tvzﬂ po 1 , (33)
k K M

p



where R is simply the radius of the cylinder.

6

35 »

R /R

Figure 5: The fit parameter m is determined by curve fitting several different radius ratios.
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Figure 6: The fit parameter n is determined by fitting the results of various radius ratios.

Figure 7 shows the numerically inverted data for €(6) fit by eq. (30). Using fit

parameters of m=4.4924 and n=0.4235 which correspond to a radius ratio of 4,

yielded an R? value of 0.99983.
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Figure 7. Approximation of the relaxation function Q(0) using eq. (30). The discrete points are
numerically inverted data for Q(0) while the solid line is the approximate function. The function is
evaluated using properties typical of concrete: p=1/2,b=2/3, L= 1/4.

In order to obtain the permeability value of a given specimen, the strain versus time data
must be obtained through testing, and then fit using eq. (27). Eq. (30) must first be
substituted into (27), and the appropriate m and n values obtained from (31) and (32)
must be used to determine the value of 7, from (27). Next, the values of 7, Ro, and R;
can be entered directly into (23). f can be calculated according to (20) using 0.2 as an
approximate value for vy. K, and b can be determined from the strain time data and (25).
Finally, M can be calculated using (16) by assigning a value to K, (typically a textbook

value —e.g. K, =2.2 GPa for water) and by calculating K from the strain versus time



data according to (26). The intrinsic permeability k may be determined directly by

substituting values of 3, 7,, Kp, M, b, 71, Ro, and R; into (23).

v
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5 EXPERIMENTAL TECHNIQUES

5.1 SPECIMEN MATERIALS AND PREPARATION

In this study, Vycor glass and cement paste samples were tested for permeability. The
Vycor glass was type 7930 and was acquired in hollow tubes and solid rods. The tubes
and rods were 21 cm (8.25 in) long. The rods tested had a 6.35 mm (0.25 in) diameter
and the tubes had an inner diameter of 1.9 cm (0.75 in) and an outer diameter of 2.1 cm
(0.827 in). The rods and tubes were vacuum saturated in glycerol, a solution of glycerol
and water, or pure distilled water prior to testing depending on the type of testing to be
performed. The hollow cement paste samples were cast in 6.72 x 15.24 cm (3 X 6 in)
cylinder molds while the solid specimens were cast in 3.7 cm (1.45 in) tubes. The
hollow specimens additionally had a 3.7 cm (1.45 in) diameter hole cast down the center
through the length of the specimen. The cement used was a common Type I/1l and was

mixed at w/c of 0.5 and 0.6.

The cement paste was mixed according to ASTM C305-99. To achieve the hollow
cylinder geometry, a thin walled polyethylene tube was glued into the center of the
cylinder mold and a hole was cut in the center of the lid to accommodate this tube. Both
the lid itself and the hole in the lid were sealed with silicone to prevent any moisture
from leaving the cylinder during initial curing. The specimens were de-molded at

approximately 12 hours and were immediately placed in a saturated lime water solution
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to prevent any leaching of the internal calcium hydroxide. Additionally, the specimens

in the lime water were placed under vacuum to promote saturation.

The concrete cylinders were prepared using the mix design shown in Table 1. This mix
represents a typical bulk concreting mix that might be encountered in construction of a
driveway or sidewalk. The maximum nominal size of the coarse aggregate was 9.5 mm
(3/8in). This relatively small coarse aggregate was chosen to ensure that a single
aggregate particle did not transverse the entire flow distance of the sample. Generally,
aggregates should be less than or equal to 1/3 of the flow distance within the cylinder
[18]. Fora 7.62 cm (3 in) diameter specimen with a 1.27 cm (1/2 in) hole down the
center, 9.5 mm (3/8 in) aggregate is the largest that can be used and still satisfy this rule

of thumb.

Table 1: The concrete mix design used in the testing is representative of a typical driveway or

sidewalk mix.
Concrete Mix Design
Cement Type /Il 334|kg/m’ 564|lbs/yd?
Water 200|kg/m?> 338|Ibs/yd?
Coarse Aggregate (9.5mm max) 1232|kg/m?> 2079|Ibs/yd?
Fine Aggregate 610|kg/m’> 1030|lbs/yd?

The concrete specimens were also cast with a 1.27 cm (1/2 in) diameter polythene tube

down the center of the cylinder in a standard 7.62 cm by 15.24 cm (3 in by 6 in) cylinder
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mold. Lids were used during the initial curing and the samples were de-molded and

placed in lime water after approximately 12 hours.

The specimens were trimmed on a diamond blade wet saw to ensure that their ends were
uniform and parallel to one another. Steel plates were glued onto the ends of the hollow
cement paste specimens with a two-part marine epoxy to prevent any fluid from moving
through the axial faces of the specimen and to facilitate mounting inside the testing
apparatus. The Vycor glass tubes would have been similarly sealed, but the thin wall
thickness required caps which attached both to the ends as well as a small portion of the
side of the tube. These caps were also secured with the marine epoxy. The sealing of
the specimens is shown schematically in Figure 8. The solid rods were not sealed, but
due to their extremely slender nature very little fluid would flow through the ends
compared to the amount through the sides. As discussed in [15] and [25] the relaxation
time is affected by flow through the ends of a cylinder, though this effect is related to the
square of the length to width ratio. Since these solid specimens are extremely slender
(height to width ratio greater than 32 for the Vycor and 8 for the cement paste) this effect

will be extremely small and is neglected in this analysis.
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Figure 8: The hollow Vycor and cement paste specimens are sealed at each end with special caps,
secured by a two part marine epoxy.

5.2 POROSITY DETERMINATION

One of the parameters necessary for determining k for both the SDP and HDP tests is the
specimen porosity. Vichit-Vadakan and Scherer [26] show that porosity of cementitious
materials determined by oven drying agrees with porosity measured by 2-propanol
exchange and is much quicker. In this study, the oven drying technique was used for
determining porosity. For the cement paste samples, this method involved obtaining a
small, representative disc of the material and saturating it under vacuum. The saturated
surface dry weight and the dimensions of the sample were obtained using a digital
balance capable of 0.001 gram accuracy and a digital caliper with 0.001 cm accuracy.
The sample was then placed in the oven at 110 degrees Celsius. After drying overnight,

the dry weight was obtained and the porosity was determined according to
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MSSD _MOD

(34)
Vssp X Bwater 1

¢ =
where Mssp is the mass in the saturated surface dry state, Mop is the mass in the oven dry
state, Vssp is the measured volume in the saturated surface dry state, and pwatr iS the

density of water.

For the Vycor glass, the dimensions of a solid rod were accurately measured using the
same digital caliper to determine its volume. The rod was then vacuum saturated and
weighed in the saturated surface dry condition. Finally, the rod was oven dried at 110
degrees Celsius and weighed again. The porosity of the Vycor was also calculated using

equation (34).

The initial porosity of the cement paste was determined from the mix design, and then at
subsequent ages with the oven drying test to establish a best fit curve for each material.
This curve was used to accurately estimate the porosity of a given specimen at a
particular age. The porosity of the Vycor glass was not time dependent and was not
tested at different ages. The cement paste porosity versus age plot is shown in Figure 9
with an exponential fit. The porosity of the Vycor glass is also shown in Figure 9 for

comparison purposes.
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Figure 9: The porosity of the cement paste specimens as a function of age.
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5.3 FLUID VISCOSITY DETERMINATION
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One of the primary advantages of the dynamic pressurization technique is the increased

speed of each test. This advantage actually became a hindrance when the Vycor glass
was tested in water. The HDP test with the Vycor tube in water ran completely in

approximately 0.1 seconds (determined by calculation), so data collection was

impossible. As shown in equation (23) the relaxation time is directly related to the fluid

viscosity. By changing the viscosity of the testing fluid, the relaxation time of the test

could be adjusted to a more reasonable length of time. Glycerol was chosen as a

complimentary fluid to water for several reasons. First, glycerol is roughly 1,000 times
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more viscous than water; this slowed the HDP test more than enough for reasonable data
collection to proceed. Additionally, the glycerol molecules are similar in size to water
molecules. This similarity is important because of the small average pore size in the
Vycor. Finally, glycerol and water are readily soluble in one another, which facilitates

custom viscosity blends.

In order to obtain the necessary inputs for the permeability calculations, a few values,
which are not obtained from either the SDP or HDP tests, must be determined. First, the
dynamic viscosity of the particular pore fluid used must be determined. The viscosity of
water is very well known [27], and it does not change very much with changes in
temperature. However, glycerol varies substantially with a small change in temperature
so the viscosity at laboratory temperature (~23° C) was determined using a Brookfield

rotational viscometer. The results of the viscosity testing are shown in Table 2.

Table 2: Since the Vycor tubes have a thin wall thickness, fluids with higher viscosities than water
were used to slow the Hollow Dynamic Pressurization test.

Fluid Viscosity (Pa-s)
Distilled Water 0.00102
65wt% Glycerol 0.0128
90wt% Glycerol 0.1823
Glycerol 1.067

54 FLUID BULK MODULUS DETERMINATION

In addition to the viscosity, the bulk modulus, K, changes with each fluid blend.

Though not as influential in the final permeability determination as the viscosity, K.
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must be accurately estimated in order to obtain sensible permeability results with the
dynamic pressurization techniques. In the case of pure water and pure glycerol this
determination was a simple matter of using a reference value obtained from a source

such as [27]. For the water/glycerol blends, the rule of mixtures,

K gens = fi(K) + T (KL,), (35)

was employed to estimate the bulk modulus of the blend where K| _gjenq is the bulk
modulus of the fluid blend, f; is the volume fraction of liquid 1, K. is the bulk modulus
of liquid 1, K-, is the bulk modulus of liquid 2 and f; is the volume fraction of liquid 2.
The bulk moduli of the various liquids used in both the HDP and the SDP test are shown

in Table 3.

Table 3: The bulk modulus values for the testing fluid are used in calculating the permeability for
each specimen with the dynamic pressurization methods.

Fluid K (Pa)
Distilled Water 2.2x10°
65wt% Glycerol 3.57x10°

90wt% Glycerol 4.23x10°
Glycerol 4.52x10°

5.5 TESTING PROGRAM

The general scheme in this experimental sequence was to first establish the HDP test as
accurate and repeatable by testing the Vycor glass. The permeability values obtained

from the HDP test were compared to those obtained with the SDP and RFT tests. This
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allowed the comparison of the new HDP test to another poromechanical test and to a
direct flow through test. Once the validation had been established, cement paste
specimens were tested using the same HDP versus SDP and HDP versus RFT
comparison scheme. Finally a single concrete specimen was tested, with the HDP test, to

determine the applicability of the HDP technique to actual concrete.
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6 RESULTS AND DISCUSSION

6.1 VYCOR

To validate the HDP method, VVycor glass specimens were tested using the HDP, SDP
and RFT techniques. The results from the RFT and the SDP were each compared to the

results obtained from the HDP test to determine the equivalency of the results.

The final input parameter required for calculating permeability for both the SDP and
HDP techniques is a strain-time history, which can be fit to determine the relaxation
time, z,, and ultimately the permeability of the material. Figure 10 shows a typical
strain-time history for the HDP test, shown on both the time and log-time axes. These
results are for a hollow Vycor tube tested in pure glycerol. The plots show that
equilibrium is reached in approximately nine hours, which is roughly equivalent to the

fit parameter z,,
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Figure 10: Typical hollow dynamic pressurization strain data shown on time and log-time axes. The
log-time axis more clearly shows when the specimen has fully relaxed.

6.1.1 Hollow Dynamic Pressurization Versus Radial Flow Through

In order to facilitate the most direct comparison possible between the RFT and the HDP,
two intermediate fluid blends were created with viscosities that fell in between that of
water and pure glycerol. The viscosities of the blends were intentionally optimized to
allow the HDP test to run quickly. Water was used only for the flow through and the
100% glycerol was only used for the HDP. Multiple repetitions of each test were
conducted to establish a valid statistical comparison with these combinations. The
combined results are shown in Table 4 with the associated means and standard

deviations.
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Table 4: The tabulated results of the Vycor permeability testing show good agreement between the

various test permutations of fluid and test method.

Hollow Dynamic Pressurization Results Hollow Flow Through Results
Permeability (nm?) Permeability (nm?)
Trial Glycerol 65wt% Glycerol 90wit% Glycerol Water 65wt% Glycerol
1 0.021 0.018 0.023 0.016 0.012
2 0.024 0.019 0.030 0.028 0.014
3 0.020 0.015 0.026 0.025 0.019
4 0.032 0.018 0.021 0.013 0.014
5 0.014 0.015 0.021 0.017 0.016
6 0.028 0.017 0.021 0.018 0.020
7 0.034 0.019 0.023 0.022 0.015
8 0.019 0.023 0.020 0.023 0.016
9 0.018 0.017 0.024
10 0.019 0.015 0.021
11 0.016 0.023
12 0.036
13 0.024
Mean | 0.02409 0.01808 0.02113 0.02239 0.01559
Standard
o 0.00685 0.00231 0.00439 0.00582 0.00267
Deviation
Coeficient
of 28.46% 12.77% 20.79% 26.01% 17.11%
Variation
Coéng'\’;ed 24.46% 29.58%

The maximum difference in the measured permeability values reported in Table 4

(between the flow through test using 65% glycerol and the HDP test using glycerol) is a

mere 35%. When the exact same fluid was used in the flow through and HDP tests (both

used 65% glycerol), the percent difference in mean permeabilities between the

techniques was only 23%. The HDP test shows excellent repeatability with these means

falling very close to one another.
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With the HDP and the RFT technique, the greatest coefficient of variation was 28%, and
the greatest combined coefficient of variation was 30% which are both near the lower
end of the range of typical variability of permeability measurements [8, 28, 29].
Additionally, the results shown in Table 4 agree reasonably well with the VVycor
permeability results obtained by Vichit-Vidakan and Scherer [30] both in mean and in

standard deviation.

When evaluating the agreement in means of two data sets the Student’s T-Test is

frequently employed. For this test a characteristic ‘t statistic is calculated according to

fotith—A (36)

where ; is the mean of the first data set, 1 is the mean of the second data set, 4 is the
null value, s; is the standard deviation of the first data set, s; is the standard deviation of
the second set, m is the number of data points in the first data set, and n is the number of
data points in the second set [31]. This ‘t’ value is then compared to a reference value
based on the confidence level and the number of data points in the combined data set.
Typically, results are tested at the 95% confidence level, which means that the
determination is predicted to be correct 95% of the time. By using the reference value
corresponding to the 95% confidence level and the appropriate number of data points,
the null value 4 can be determined. Once the 4 value is obtained the percent difference

can be determined according to,
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% percent difference = A x100 (37)
(ty+p,)12

With the data presented in Table 4 it can be shown that the percent difference in the
permeability values from the HDP test and the RFT test will be 5.4% or less 95% of the
time; this difference is much smaller than the typical coefficient of variation reported in
literature [8, 28, 29] for permeability of cementitious materials obtained with a single

test method.

From a practical perspective, the percent difference between the Vycor glass
permeability measured using the flow through technique and the HDP technique is
statistically insignificant. Therefore, the HDP test has been successfully validated and

has been shown to yield the same permeability as a flow-through test for Vycor glass.

6.1.2 Hollow Dynamic Pressurization Versus Solid Dynamic Pressurization

The results from the testing of hollow and solid Vycor specimens for permeability show
good correlation between the HDP and the SDP techniques. The difference between the
average permeability determined from the HDP and the SDP is 13%. The permeability

values for the Vycor specimens are presented in Table 5.
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Table 5: The measured Vycor permeability and associated statistical quantities measured with
various fluids.

Hollow DP Results Solid DP Results
Permeability (nm2) Permeability (nm2)
Trial Glycerol  65wt% 90wt% | Glycerol  65wt%
1| 0.021 0.018 0.023 0.038 0.008
2| 0.024 0.019 0.030 0.011 0.013
3| 0.020 0.015 0.026 0.013 0.012
4/ 0.032 0.018 0.021 0.024 0.009
5 0.014 0.015 0.021 0.024 0.008
6|/ 0.028 0.017 0.021 0.031 0.009
7| 0.034 0.019 0.023 0.019 0.014
8| 0.019 0.023 0.020 0.035 0.016
9 0.018 0.017 0.018
10 0.019 0.015 0.018
11 0.016
Average 0.024086 | 0.018081 | 0.021126 | 0.0244 | 0.0122776
Standard
Deviation 0.006854 | 0.00231 | 0.004392 | 0.00982 | 0.0040541
Coeficient of
Variation 28.46% | 12.77% | 20.79% | 40.26% | 33.02%

Combinded
Coeficient of
Variation 24.46% 52.75%

Typical concrete permeability tests show high variability between repetitions. Reported
coefficients of variation between 20% and 130% [8, 28, 29] are typical of this type of
testing. With the hollow and the SDP techniques, the greatest coefficient of variation
was 40%, and the greatest combined coefficient of variation was 53%, which are both
toward the lower end of this range. Additionally, the results shown in Table 5 agree
reasonably well with the VVycor permeability results obtained by Vichit-Vidakan and

Scherer [30] both in mean and in standard deviation.
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With the data presented in Table 5 it can be shown that the percent difference in the
permeability values from the HDP test and the SDP test will be 17% or less 95% of the
time; this difference is much smaller than the typical coefficient of variation reported in
literature [29] for permeability of cementitious materials obtained with a single test

method.

From a practical perspective, the percent difference between the Vycor glass
permeability measured using the SDP technique and the HDP technique is statistically
insignificant. Therefore, the HDP test has been successfully validated and has been

shown to yield the same permeability as the SDP test for Vycor glass.

6.2 CEMENTITIOUS MATERIALS

In order to obtain a statistically significant amount of data in a reasonable length of time
with the RFT test, specimens with a w/c of 0.6 were chosen for their relatively high
permeability. Choosing specimens with high permeability helps the RFT test to run
more quickly while reducing the risk of leaking since the fluid will be more likely to
flow through the specimen than through any sealed connection. For the SDP to HDP
comparison, a w/c of 0.5 was chosen because the specimens are simpler to cast and there

is no real need for increased speed with the dynamic pressurization techniques.
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6.2.1 Hollow Dynamic Pressurization Versus Radial Flow Through

The difference between a low permeability material and a high permeability material is
worth noting. The difference between a 0.5 w/c paste and a 0.6 w/c paste is reported as a
full order of magnitude (i.e. 0.001 nm? as compared to 0.01 nm?) by Grasley et al. [26];
this difference in measured permeability is a change of 900%. Based on the results
shown in Table 6, the difference between the mean values of the two methods is 32%.
This level of sensitivity is clearly sufficient to discern two different construction

materials.

Using equations (36), (37), and the data presented in Table 6, the percent difference
between the results obtained with the HDP test and the RFT test will be 38% or less 95%
of the time. This value is higher than that obtained with the Vycor glass principally

because of the material variability in the cement paste.
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Table 6: The permeability results from the 0.6 w/c paste show good correlation between the HDP
and the radial flow through techniques.

Hollow Dynamic Pressurization | Radial Flow Through
Trial Permeability (nmz) Permeability (nm2)
1 0.414 0.339
2 0.370 0.289
3 0.364 0.260
4 0.496 0.279
5 0.400 0.277
6 0.426 0.316
7 0.502 0.300
8 0.375 0.298
9 0.500 0.253
Mean 0.42751 0.29005
Standard 0.05760 0.02682
Deviation
Coeficient 13.47% 9.25%
of Variation

Additionally, it should be noted that the 32% difference is between two totally different

test methods. The ranges reported by Banthia and Mindess in [29], and for most other

studies, were representative of a single test method. The small differences between the

HDP and the RFT results could be due to material differences between the two samples

used for the two tests or an inherent, systematic difference in the two test methods.

Material differences between the two samples were kept to a minimum since the samples

were cast from the same mix, and were cured identically. Additionally the inherent

nature of cement paste is very homogeneous and lends itself to good consistency. With
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all of this in mind, the difference between the two means is quite small and material
variability is likely the source of the difference. Future research could involve testing
several different specimens for both RFT and HDP to investigate the effect of material

variability.

One possible systematic difference between the HDP test and the RFT test involves the
viscoelastic nature of the specimens tested. Cement paste (and Vycor glass) specimens
relax stresses through viscoelastic deformation, with respect to time, which could have a
skewing effect on the HDP data. This effect is clearly small, but could play a part in the
small difference in the average values obtained from the two test methods. Any
viscoelastic effect would be minimized when testing concrete versus cement paste due to

the elastic nature of typical aggregates.

The coefficient of variation gives a good idea of the relative precision of a test method.
In the case of the flow through and HDP methods, a coefficient of variation around ten
percent indicates very good precision for both methods with the HDP method showing

slightly better.

Finally, a single concrete specimen was tested with the HDP method to assess the
feasibility of testing a more realistic construction material; the measured permeability
was 0.006 nm?. This value is very reasonable, though more testing would be needed to

assess its accuracy.
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6.2.2 Hollow Dynamic Pressurization Versus Solid Dynamic Pressurization

In order to generate the most direct comparison possible, the HDP and the SDP methods
were performed on hollow and solid cement paste specimens beginning approximately
90 hours after the specimens were cast. Specifically, a hollow specimen was tested in
one pressure vessel and a solid specimen in a companion pressure vessel, with the test
beginning at effectively the same moment. At these early ages many test repetitions
could be obtained in a reasonably short period of time. By simultaneously testing these
samples, the effect of any age differences between specimens was avoided since the
solid sample was the same age as the hollow sample and vice versa. Since the hollow
and solid specimens were cast from the same mix, and were tested at an identical age,
the permeability results from the two tests can be readily compared at a given age to

evaluate the new HDP method.

For comparison purposes, permeability data from the literature was also included to
compliment the data collected in this study. Cement paste with a w/c of 0.6 was tested
by Vichat-Vidakan and Scherer [26] using the beam bending technique and these results
are plotted along with those gathered in this study using the HDP and SDP techniques in

Figure 11.
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Figure 11: The results of the hollow dynamic pressurization test and the solid dynamic
pressurization tests shown as a function of age. For comparison purposes the results from some
other studies are included.

The results presented in Figure 11 show good agreement between the SDP and HDP
methods over the range of time that the data was collected. The differences between the
two methods could be attributable to some curing differences stemming from the
geometry of the specimens. As mentioned previously, the results from the HDP and
SDP tests on the 0.5 w/c paste are clearly much different than the results of the beam
bending test on the 0.6 w/c paste. Also the variability of the HDP and SDP tests appears

to be similar based on the scatter in the data points when compared to the beam bending

data.
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7 SUMMARY

Since saturated permeability of a material provides insight into the interconnectivity of
the pore network of that material and since no widely accepted concrete permeability test
exists, the Hollow Dynamic Pressurization (HDP) test is presented as an accurate and
repeatable method for measuring the permeability of cementitious materials. The hollow
specimen geometry allows for the saturation of the pore network of the specimen by
applying a hydrostatic pressure to the outer radial surface of the unsaturated specimen
which forces fluid into the pore network and forces air bubbles out. Since saturation is a
rigorous requirement of the dynamic pressurization technique, the ability to saturate an
existing specimen represents a major advantage over the solid dynamic pressurization
(SDP) technique. The HDP test is more rapid than traditional flow through techniques
and shows excellent repeatability both with Vycor glass and with cement paste. To
evaluate this new method, the HDP test was compared to the SDP test and to the radial

flow through (RFT) technique.

By comparing the results obtained from the HDP, SDP, and RFT tests, the HDP test has
been validated since the values were essentially identical to those obtained with the other
test methods. The coefficient of variation obtained with the HDP test is much lower
than for other permeability tests reported in the literature [8, 28, 29]. The particular
permeability values obtained agreed reasonably well with values obtained in literature
for similar materials. With all of the above in mind, the new HDP test shows promise as

an acceptable permeability test for cementitious materials.
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APPENDIX A. VYCOR PLOTS

VYCOR FLOW THROUGH PLOTS

65% Glycerol
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Figure A- 1: Measured displacement versus time response of a Vycor tube sample when tested in 65
weight percent glycerol.
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Figure A- 2: Measured displacement versus time response of a Vycor tube sample when tested in 65
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weight percent glycerol.
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Figure A- 3: Measured displacement versus time response of a Vycor tube sample when tested in 65
weight percent glycerol. The stair-step nature of the data is due to minor sticking of the float within

the test apparatus.
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Figure A- 4: Measured displacement versus time response of a Vycor tube sample when tested in 65
weight percent glycerol. The stair-step nature of the data is due to minor sticking of the float within
the test apparatus.
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Figure A- 5: Measured displacement versus time response of a Vycor tube sample when tested in 65
weight percent glycerol. The stair-step nature of the data is due to minor sticking of the float within
the test apparatus.
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Figure A- 6: Measured displacement versus time response of a Vycor tube sample when tested in 65
weight percent glycerol. The stair-step nature of the data is due to minor sticking of the float within
the test apparatus.
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Figure A- 7: Measured displacement versus time response of a Vycor tube sample when tested in 65

weight percent glycerol. The stair-step nature of the data is due to minor sticking of the float within
the test apparatus.
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Figure A- 8: Measured displacement versus time response of a Vycor tube sample when tested in 65
weight percent glycerol. The stair-step nature of the data is due to minor sticking of the float within

the test apparatus.
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Figure A- 9: Measured displacement versus time response of a Vycor tube sample when tested in
water with an applied hydrostatic pressure of 414 kpa (60 psi).
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Figure A- 10: Measured displacement versus time response of a Vycor tube sample when tested in
water with an applied hydrostatic pressure of 552 kpa (80 psi).
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Figure A- 11: Measured displacement versus time response of a Vycor tube sample when tested in

water with an applied hydrostatic pressure of 552 kpa (80 psi).
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Figure A- 12: Measured displacement versus time response of a Vycor tube sample when tested in

water with an applied hydrostatic pressure of 1.38 Mpa (200 psi).
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Figure A- 13: Measured displacement versus time response of a Vycor tube sample when tested in
water with an applied hydrostatic pressure of 1.38 Mpa (200 psi).
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Figure A- 14: Measured displacement versus time response of a Vycor tube sample when tested in
water with an applied hydrostatic pressure of 1.38 Mpa (200 psi).
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Figure A- 15: Measured displacement versus time response of a Vycor tube sample when tested in
water with an applied hydrostatic pressure of 1.38 Mpa (200 psi).
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Figure A- 16: Measured displacement versus time response of a Vycor tube sample when tested in
water with an applied hydrostatic pressure of 1.38 Mpa (200 psi).
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Figure A- 17: Measured displacement versus time response of a Vycor tube sample when tested in
water with an applied hydrostatic pressure of 1.38 Mpa (200 psi).
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Figure A- 18: Measured displacement versus time response of a Vycor tube sample when tested in
water with an applied hydrostatic pressure of 1.38 Mpa (200 psi).
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Figure A- 19: Measured displacement versus time response of a Vycor tube sample when tested in
water with an applied hydrostatic pressure of 1.38 Mpa (200 psi).
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Figure A- 20: Measured displacement versus time response of a Vycor tube sample when tested in
water with an applied hydrostatic pressure of 1.38 Mpa (200 psi).



66

120 ——

100 -

[0}
o
—

Displacement (Inchesx107®)
IN o
o o
T T

N
o
—

—y=-7.801+0.035105x R’=0.99131 |

500 1000 1500 2000 2500 3000 3500
Time (s)

Figure A- 21: Measured displacement versus time response of a Vycor tube sample when tested in
water with an applied hydrostatic pressure of 1.38 Mpa (200 psi).



Vycor Hollow Dynamic Pressurization Plots

100% Glycerol
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Figure A- 22: The strain versus time response of a VVycor tube tested in 100% glycerol. The spikes
in the early time range are attributed to the hydraulic pump cycling on and off trying to supply a

steady pressure. Compressive strain is positive.



170 o

160

150 |

Strain x10°
= =
w »
o o

=
N
o

68

y = 98+(154-(98))*exp(4/(3.1...
110 - Value Error
i m1 19815| 340.11
100 - Chisq 34673 NAl X .
i r?| 0.97696 NA ,";?,j;
90: T BT R TTT BN B Hmm4‘ L
0.1 1 10 100 1000 10 10°
Time (s)

Figure A- 23: The strain versus time response of a VVycor tube tested in 100% glycerol. The spikes
in the early time range are attributed to the hydraulic pump cycling on and off trying to supply a
steady pressure. Compressive strain is positive.
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Figure A- 24: The strain versus time response of a VVycor tube tested in 100% glycerol. The spikes
in the early time range are attributed to the hydraulic pump cycling on and off trying to supply a
steady pressure. Compressive strain is positive.
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Figure A- 25: The strain versus time response of a VVycor tube tested in 100% glycerol. The spikes
in the early time range are attributed to the hydraulic pump cycling on and off trying to supply a
steady pressure. Compressive strain is positive.
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Figure A- 26: The strain versus time response of a VVycor tube tested in 100% glycerol. The spikes
in the early time range are attributed to the hydraulic pump cycling on and off trying to supply a
steady pressure. Compressive strain is positive.
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Figure A- 27: The strain versus time response of a Vycor tube tested in 100% glycerol. Compressive
strain is positive.
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Figure A- 28: The strain versus time response of a VVycor tube tested in 100% glycerol. The spikes
in the early time range are attributed to the hydraulic pump cycling on and off trying to supply a
steady pressure. Compressive strain is positive.
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Figure A- 29: The strain versus time response of a VVycor tube tested in 100% glycerol. The spikes
in the early time range are attributed to the hydraulic pump cycling on and off trying to supply a
steady pressure. Compressive strain is positive.
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Figure A- 30: The strain versus time response of a VVycor tube tested in 100% glycerol. The spikes
in the early time range are attributed to the hydraulic pump cycling on and off trying to supply a
steady pressure. Compressive strain is positive.
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Figure A- 31: The strain versus time response of a Vycor tube tested in 100% glycerol. Compressive
strain is positive.
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Figure A- 32: The strain versus time response of a VVycor tube tested in 90 weight percent glycerol.
Compressive strain is positive.
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Figure A- 33: The strain versus time response of a VVycor tube tested in 90 weight percent glycerol.
Compressive strain is positive.



74

220
200 e
‘90180 .
— L
<
c
IS
160 e
y = 135+(218-(135))*exp(4/(3...
| Value Error
m1 787.53| 13.222
140 - Chisq 3174.7 NA
r?2| 0.97962 NA
120 Ll | | L
0.1 1 10 100 1000
Time (s)

Figure A- 34: The strain versus time response of a VVycor tube tested in 90 weight percent glycerol.
Compressive strain is positive.
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Figure A- 35: The strain versus time response of a VVycor tube tested in 90 weight percent glycerol.
Compressive strain is positive.
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Figure A- 36: The strain versus time response of a VVycor tube tested in 90 weight percent glycerol.
Compressive strain is positive.
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Figure A- 37: The strain versus time response of a VVycor tube tested in 90 weight percent glycerol.
Compressive strain is positive.
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Figure A- 38: The strain versus time response of a Vycor tube tested in 90 weight percent glycerol.

Compressive strain is positive.
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Figure A- 39: The strain versus time response of a VVycor tube tested in 90 weight percent glycerol.

Compressive strain is positive.
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Figure A- 40: The strain versus time response of a VVycor tube tested in 90 weight percent glycerol.
Compressive strain is positive.
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Figure A- 41: The strain versus time response of a Vycor tube tested in 90 weight percent glycerol.
Compressive strain is positive.
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Figure A- 42: The strain versus time response of a VVycor tube tested in 90 weight percent glycerol.
Compressive strain is positive.
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Figure A- 43:The strain versus time response for a VVycor tube tested in 65 weight percent glycerol.

Note how quickly these data are collected. Compressive strain is positive.
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Figure A- 44: The strain versus time response for a Vycor tube tested in 65 weight percent glycerol.

Note how quickly these data are collected. Compressive strain is positive.
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Figure A- 45: The strain versus time response for a Vycor tube tested in 65 weight percent glycerol.

Note how quickly these data are collected. Compressive strain is positive.
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Figure A- 46: The strain versus time response for a Vycor tube tested in 65 weight percent glycerol.

Note how quickly these data are collected. Compressive strain is positive.
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Figure A- 47: The strain versus time response for a Vycor tube tested in 65 weight percent glycerol.

Note how quickly these data are collected. Compressive strain is positive.
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Figure A- 48: The strain versus time response for a Vycor tube tested in 65 weight percent glycerol.

Note how quickly these data are collected. Compressive strain is positive.
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Figure A- 49: The strain versus time response for a Vycor tube tested in 65 weight percent glycerol.

Note how quickly these data are collected. Compressive strain is positive.
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Figure A- 50: The strain versus time response for a Vycor tube tested in 65 weight percent glycerol.

Note how quickly these data are collected. Compressive strain is positive.



Strain x10
|_\
w
o
T

125 + -
y = 118+(156-(118))*exp(4/(3...

120 [ Value Error b
m1 84.411| 2.6147
i Chisq 892.89 NA

115 | r?| 091713 NA ]

110 T el bl ]

0.1 1 10 100 1000
Time (s)

83

Figure A- 51: The strain versus time response for a Vycor tube tested in 65 weight percent glycerol.

Note how quickly these data are collected. Compressive strain is positive.
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Figure A- 52: The strain versus time response for a Vycor tube tested in 65 weight percent glycerol.

Note how quickly these data are collected. Compressive strain is positive.



Vycor Solid Dynamic Pressurization Plots
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Figure A- 53: The strain versus time response for a Vycor rod tested in pure glycerol. Compressive

strain is positive.
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Figure A- 54: The strain versus time response for a Vycor rod tested in pure glycerol. Compressive
strain is positive.
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Figure A- 55: The strain versus time response for a Vycor rod tested in pure glycerol. Compressive
strain is positive.
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Figure A- 56: The strain versus time response for a Vycor rod tested in pure glycerol. Compressive
strain is positive.
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Figure A- 57: The strain versus time response for a Vycor rod tested in pure glycerol. Compressive
strain is positive.
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Figure A- 58: The strain versus time response for a Vycor rod tested in pure glycerol. Compressive
strain is positive.
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Figure A- 59: The strain versus time response for a Vycor rod tested in pure glycerol. Compressive
strain is positive.
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Figure A- 60: The strain versus time response for a Vycor rod tested in pure glycerol. Compressive

strain is positive.



65% Glycerol

140

130 |

120 :

Strain x10°°
=
H
o

100 |

y = 90+(133-(90))*exp(&/(3.1... ]

i Value Error ]

L m1 635.06| 17.017 o

90 B Chisq 1143.2 NA N
i rR?| 0.95665 NA 1
807 | | . R

0.1 10 100 1000
Time (s)

89

Figure A- 61: The strain versus time response for a Vycor rod tested in 65% glycerol. Compressive

strain is positive.
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Figure A- 62: The strain versus time response for a Vycor rod tested in 65% glycerol. Compressive
strain is positive.
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Figure A- 63: The strain versus time response for a Vycor rod tested in 65% glycerol. Compressive
strain is positive.
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Figure A- 64: The strain versus time response for a Vycor rod tested in 65% glycerol. Compressive
strain is positive.
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Figure A- 65: The strain versus time response for a Vycor rod tested in 65% glycerol. Compressive
strain is positive.
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Figure A- 66: The strain versus time response for a Vycor rod tested in 65% glycerol. Compressive
strain is positive.
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Figure A- 67: The strain versus time response for a VVycor rod tested in 65% glycerol. Compressive
strain is positive.
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Figure A- 68: The strain versus time response for a Vycor rod tested in 65% glycerol. Compressive
strain is positive.
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Figure A- 69: The strain versus time response for a Vycor rod tested in 65% glycerol. Compressive
strain is positive.
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Figure A- 70: The strain versus time response for a Vycor rod tested in 65% glycerol. Compressive
strain is positive.
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APPENDIX B. CEMENTITIOUS MATERIALS PLOTS

Cement Paste Flow Through Plots
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Figure B- 1: The displacement versus time results for a 0.6 water to cement ratio specimen at an age
of 32 days and an applied pressure of 1.72 Mpa (250 psi). The testing fluid was water.
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Figure B- 2: The displacement versus time results for a 0.6 water to cement ratio specimen at an age
of 32 days and an applied pressure of 1.72 Mpa (250 psi). The testing fluid was water.
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Figure B- 3: The displacement versus time results for a 0.6 water to cement ratio specimen at an age
of 32 days and an applied pressure of 1.72 Mpa (250 psi). The testing fluid was water.
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Figure B- 4: The displacement versus time results for a 0.6 water to cement ratio specimen at an age
of 32 days and an applied pressure of 1.72 Mpa (250 psi). The testing fluid was water.
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Figure B- 5: The displacement versus time results for a 0.6 water to cement ratio specimen at an age
of 32 days and an applied pressure of 1.72 Mpa (250 psi). The testing fluid was water.
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Figure B- 6: The displacement versus time results for a 0.6 water to cement ratio specimen at an age
of 32 days and an applied pressure of 1.72 Mpa (250 psi). The testing fluid was water.
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Figure B- 7: The displacement versus time results for a 0.6 water to cement ratio specimen at an age
of 32 days and an applied pressure of 1.72 Mpa (250 psi). The testing fluid was water.
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Figure B- 8: The displacement versus time results for a 0.6 water to cement ratio specimen at an age
of 32 days and an applied pressure of 1.72 Mpa (250 psi). The testing fluid was water.
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Figure B- 9: The displacement versus time results for a 0.6 water to cement ratio specimen at an age
of 32 days and an applied pressure of 1.72 Mpa (250 psi). The testing fluid was water.
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Figure B- 10: The displacement versus time results for a 0.6 water to cement ratio specimen at an
age of 32 days and an applied pressure of 1.72 Mpa (250 psi). The testing fluid was water.
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Figure B- 11: The displacement versus time results for a 0.6 water to cement ratio specimen at an
age of 32 days and an applied pressure of 1.72 Mpa (250 psi). The testing fluid was water.
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Figure B- 12: The displacement versus time results for a 0.6 water to cement ratio specimen at an
age of 32 days and an applied pressure of 1.72 Mpa (250 psi). The testing fluid was water.
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Cement Paste Hollow Dynamic Pressurization Plots
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Figure B- 13: The strain versus time results for a 0.6 water to cement ratio specimen at an age of 33
days. The specimen was tested in water. Compressive strain is positive.
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Figure B- 14: The strain versus time results for a 0.6 water to cement ratio specimen at an age of 33
days. The specimen was tested in water. Compressive strain is positive.
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Figure B- 15: The strain versus time results for a 0.6 water to cement ratio specimen at an age of 33
days. The specimen was tested in water. Compressive strain is positive.
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Figure B- 16: The strain versus time results for a 0.6 water to cement ratio specimen at an age of 33
days. The specimen was tested in water. Compressive strain is positive.
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Figure B- 17: The strain versus time results for a 0.6 water to cement ratio specimen at an age of 33
days. The specimen was tested in water. Compressive strain is positive.
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Figure B- 18: The strain versus time results for a 0.6 water to cement ratio specimen at an age of 33
days. The specimen was tested in water. Compressive strain is positive.
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Figure B- 19: The strain versus time results for a 0.6 water to cement ratio specimen at an age of 33
days. The specimen was tested in water. Compressive strain is positive.
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Figure B- 20: The strain versus time results for a 0.6 water to cement ratio specimen at an age of 33
days. The specimen was tested in water. Compressive strain is positive.
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Figure B- 21: The strain versus time results for a 0.6 water to cement ratio specimen at an age of 33
days. The specimen was tested in water. Compressive strain is positive.

120 .
110 | ]
100 | ]
g 90 | ]
x
£ 7
S 80 .
& L
y = 60+(115-(60))*exp(4/(3.1...
70 [ Value Error
[ ml 634.88 15.792
60 L Chisq 2230.6 NA .
L r2| 0.93564 NA B
50: L R, R, R
0.1 1 10 100 1000
Time (s)

Figure B- 22: The strain versus time results for a 0.6 water to cement ratio specimen at an age of 33
days. The specimen was tested in water. Compressive strain is positive.
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Figure B- 23: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 96
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 24: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 99
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 25: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 115
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 26: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 117
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 27: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 119
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 28: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 121
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 29: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 122
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 30: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 139
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 31: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 140
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 32: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 141
hours. The specimen was tested in water. Compressive strain is positive.



45 |

40 T
35

30 -

Strain x10°

25 ¢
20 |

15

10 ¢

y = 14+(41-(14))*exp(4/(3.14... B
Value Error
ml 6190.1 1221
Chisq 437.76 NA o o
r?2| 0.97367 NA ",heﬂ

0.1

10 100 1000 10*

Time (s)

112

Figure B- 33: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 142

hours. The specimen was tested in water. Compressive strain is positive.

120

100 |

Strain x10°
(o)} (00}
o o

N
o

y = 22+(120-(22))*exp(4/(3.1... ]
t Value Error
8 m1 5942.6| 73.645 el
20 - [ chisq| 25818 NA IR
| r?| 0.98758 NA ]
07 | Ll | | . Hmu’
0.1 1 10 100 1000  10°

Time (s)

Figure B- 34: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 143

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 35: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 145
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 36: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 147
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 37: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 163

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 38: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 167

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 39: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 171

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 40: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 235

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 41: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 258

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 42: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 263

hours. The specimen was tested in water. Compressive strain is positive.



60 [
50 1
40 - ]
° I
[=)
S I
c 30 - :
8 I
ao
20 + :
8 y = 10+(62-(10))*exp(4/(3.14...
[ Value Error .
I mi 23632| 647.87 .
10 - [~ Chisa| 14549 NA _
I r2| 0.95584 NA T
0 Y R TP BT T ST R
0.1 1 10 100 1000 10* 10°

Time (s)

117

Figure B- 43: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 267

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 44: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 286

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 45: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 291

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 46: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 94
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 47: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 115
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 48: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 117
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 49: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 121
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 50: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 139
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 51: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 140

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 52: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 142

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 53: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 143
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 54: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 145
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 55: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 146

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 56: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 163

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 57: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 167
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 58: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 171
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 59: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 235

hours. The specimen was tested in water. Compressive strain is positive.

110 ——
100 -
90 | ]
o 80 :
o [
o [
c 707 e
s
" 60 a
[y =38+(105-(38))*exp(4/(3.1...
50 Value Error
[ ml 17693 252.4
[ Chisq 2914.7 NA
40 a r2| 0.98652 NA
30 : TN B N N R ET] R I R TT1 R A N UET) RS TT] H
0.1 1 10 100 1000 10°
Time (s)

Figure B- 60: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 244

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 61: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 258

hours. The specimen was tested in water. Compressive strain is positive.

120 ——

100 e
“.’o 80 _
—
=
c
.@ |
& 60 1

I y = 38+(110-(38))*exp(4/(3.1...
t Value Error
40 - ml 15097 | 199.42
L Chisq 2897 NA
R? 0.98701 NA
207 Cooannl vl v el il
0.1 1 10 100 1000 10* 10°

Time (s)

Figure B- 62: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 263

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 63: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 267

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 64: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 283

hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 65: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 286
hours. The specimen was tested in water. Compressive strain is positive.
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Figure B- 66: The strain versus time results for a 0.5 water to cement ratio specimen at an age of 291
hours. The specimen was tested in water. Compressive strain is positive.
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