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The Center for Innovative Grouting Materials and Technology (CIGMAT)
is a joint university-industry consortium, led by Director Dr. C. Vipulanandan (Vipu), P.E., Smart Cement Inventor, Professor of Civil Engineering, University of Houston.
CIGMAT focuses its research studies on oil, gas, water and wastewater infrastructures and pipelines maintenance; developing new highly
sensing “smart” materials for construction, maintenance and repairs;
and detecting gas, oil and water leaks. Other studies include quantifying
corrosion and environmental issues.
Current projects involve developing real-time monitoring systems
for both laboratory research and field applications, and onshore- and
offshore-related applications including drilling, oil well cementing,
grouting, coatings and hydraulic fracturing. Studies also cover corrosion,
treatment of expansive and contaminated soils, physical modeling of
pipe-soil interaction simulating ultra-deepwater conditions, chemical
resistance of cementitious materials and behavior of coating materials
used as insulators of oil pipelines. Other studies are investigating the
effects of various types of nanoparticles on the performance of material
and microbial fuel cells.
CIGMAT researchers make every effort to transfer technology from
control studies to actual applications. For example, in recent years, CIGMAT has developed unique testing facilities, including high-pressure,
high-temperature (HPHT) testing of materials for oil and gas infrastructure; and protocols, approved by the U.S. Environmental Protection
Agency, to test grouts and coatings for infrastructure rehabilitation.
Also, the CIGMAT Life Cycle Cost model (CIGMAT-LCC) for wastewater
systems is being used by cities, counties and the public.
In the past two decades, CIGMAT has researched and tested more
than five dozen commercial products, including rapid repair materials,
coatings, grouts, liners, cementitious and polymer composites and pipes,
for numerous applications. Microbial fuel cell technology is being further
developed to both treat oily waste and recycle highly salty fracturing
fluids. In addition, the observed trends are analytically and numerically
modeled to better understand the influence of various testing and environmental parameters. Vipulanandan rheological model and Vipulanandan failure models are being verified with CIGMAT test results and data
available in the literature.
• Ongoing research at CIGMAT is funded by federal, state and local
agencies and industries. A U.S. Department of Energy (DOE)-funded
project is broadening use of smart cement and smart drilling mud for
real-time monitoring of oil well installation and performance during
the entire service life, as well as for civil infrastructure applications.
Smart cement is being used as the binder in developing and characterizing concrete, and in creating systems monitor the performance of
the cement sheath that is embedded between the casing and geological formations.
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Additional research includes:
• Further developing the highly sensing smart cement (being patterned
in several countries), smart drilling fluids, smart spacer fluids and
smart grouts for various applications,
• Evaluating performance of smart grouted sand columns for monitoring earth embankments, failure theory for rocks, smart cement contaminated with clay
• Developing methods to treat contaminated soils and expansive clays
• New non- destructive technology for detecting and quantifying corrosion (being patterned), and multifunctional microbial fuel cells
• Commercializing “smart” cement technology, funded by the National
Science Foundation
• Following are details about three current studies.

Smart Grouted Sand Columns for Real-Time Monitoring of Earth Dams
An earth dam is an artificial barrier built using earth materials primarily
to retain water in a confined area. Other uses are for water supply, flood
control, irrigation, energy production, recreation and fishing (International Commission on Large Dams, ICOLD). Also known as earth-fill
dams, they are classified into four types according to their structure:
gravity, buttress, embankment and arch dams. More than half (52 percent) of the world`s 11,000 earth dams are in China, with 16 percent in
the United States, and 6 percent in Japan.
One of the main problems with earth dam is seepage. A seepage line,
or phreatic line, is used to understand the degree of seepage and the
effect on the dam’s stability. In the saturation zone, which is below the
phreatic line, there is positive hydrostatic pressure and the flow will reduce the shear strength of the soil due to the excess pore-water pressure.
The purpose of monitoring earth dams is not only to ensure the general stability of the dam during construction, but also to ensure there is no
internal erosion or piping resulting from seepage during the service life.
Recent earth embankment failures around the world clearly indicate the
importance of monitoring for maintenance and in minimizing damages.
Measurements made for monitoring of earth fill dams normally
include horizontal-vertical deformations, shear stress, stain, seepage,
seismic movement and phreatic surface line. The instruments used for
monitoring are piezometers, inclinometers, settlement cells, extensometer and pressure cells.
In recent years, CIGMAT has developed highly sensing “smart” cements and grouts as bulk sensors that make the entire material become
a sensing tool. This study was conducted to investigate the behavior of
smart acrylamide grouted sands for use in earth dams for monitoring.
Specifically, the objectives were to study the effect of particle size and
distribution on the mechanical, permeability and sensing properties

(piezoresistivity) of acrylamide grouted sands, and the effectiveness
of smart acrylamide grouted sand columns in earth dams for real-time
monitoring.
Materials and Methods
In this study, commercially available acrylamide AV-100 (Avanti International) was used and the solution had viscosity comparable to water. It is
a water-soluble grout. In order to polymerize the grout solution, catalysts
and activators were used. The catalyst used was ammonium persulfate
which initiates the polymerization reaction. The activator used was
triethanolamine (TEA) which accelerates the polymerization the grout.
Commercially available silica sands in four sizes S1, S2 (Ottawa 2030 sand), S3 and S4 with varying particle size distributions were used.
The properties are summarized in Table 1. Of the four sands, S4 had the
finest particles with wider distribution and S1 had the largest particles
with wide particle distribution. Sand S2 had uniform distribution. All the
sands were classified as SP (poorly graded sand) based on the Unified Soil
Classification System (USCS).

Several grouted sand samples (S.1, S.2 and S.4) were used for the
constant head permeability test according to CIGMAT Standard GR7-02
(Standard Test for Permeability of Grouts and Grouted Sands). The total
hydraulic gradient of 138 was applied over a period of 60 days, and the
test was performed at room condition.
Piezoresistivity (change in electrical sensitivity under applied stress)
of acrylamide grouted sand was investigated under compressive loading
with 0.1 percent-conductive filler by the weight of the sand for submerged and moist cured conditions. Impedance frequency relationship
was studied to characterized grouted sand in terms of electrical properties. During the compression test, electrical resistance was measured
using the LCR (L-inductance; C- capacitance; R- resistance) meter (Figure
2) at a frequency of 300 kHz.
Figure 2: LCR meter used for measuring the resistivity

In order to predict the behavior of acrylamide grouted sands for
stress-strain relationship, the Vipulanandan p-q stress-strain model was
used. The model is defined as follows:
All the grouted sand specimens were prepared in split cylindrical Teflon molds 10.2 cm (4 in.) in length and 3.8 cm (1.5 in.) in diameter. Teflon filters were used at the bottom and top of the molds. Moreover, to
prevent grout leakage during injection, silicon was applied along the split
groves to the outside of the molds. The dense samples were compacted with 15 hammer blows and the loose sand specimens were prepared
without compaction by pouring the dry sand into the molds.
Figure 1: Setup for preparing grouted sands

The grout was injected from the chamber into the sand filled molds
(Figure 1). Conductive fillers were added to the sand before grouting.
Grout solution was injected from the bottom of the molds for 1 minute
under a pressure of 7 kPa (1 psi). To obtain fully grouted sand specimens,
grout was allowed to flow through the column until no air bubble was
observed in the outflow tube.

Equation 1:
where, p and q are the material
parameters, and define
the peak stress and strain,
respectively. Parameter “q” represents the ratio of secant modulus to initial modulus. Parameter p represents the optimization parameter, calculated by minimizing
the error in estimating the relationship curve. Moreover, the equation is
valid by providing 0<q<1and (p+q)/q 0.
In order to predict the piezoresistive behavior of acrylamide grouted
sand, the Vipulanandan piezoresistivity p-q model was used. The model
is as follows:
Equation 2:
where, represents the maximum stress at failure, is the
piezoresistivity of the acrylamide grouted sand at peak
stress, is the piezoresistivity at any stress, and p2 and
q2 are material parameters.
Results
The unit weight for the dense and loose sand grouted sands tested after
3 days of curing at room condition (23oC and relative humidity of 50
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percent) are summarized in Table 2. The unit weight varied from 1.96 g/
cm3 to 2.08 g/cm3. Grouted sand with S1 sand had the largest variation
in the unit weight and lowest compressive strength. Grouted sand with
S4 sand had the highest strength of 675 kPa.
Table 2: Unit Weight & Strength of Grouted Sand Specimens

Nine grouted sand samples using S.1, S.2 and S.4 sands were used for
constant head permeability tests over a period of 60 days with the applied hydraulic gradient of 138. Permeability of sands and grouted sands
are compared in Figure 3. Before grouting, the permeability of sands was
10-2 cm/sec; after, the grouted sands’ permeability reduced to less than
10-10 cm/sec. Gradation of the sands and the different particle size did
not affect the permeability of grouted sand

of the grouted sands. The setting time for the samples was about 7 minutes. The piezoresisitive responses are shown in Figure 5.
Adding 0.1 percent CF into the grouted sand increased the piezoresistivity to 21 percent under 400 kPa compression, doubling the piezoresistivity. For example, at 100 kPa the piezoresistivity of grouted sand (S4)
was 2.5 percent and it increased to 8 percent with the addition of 0.1 CF,
tripling the resistivity change. The piezoresistivity behavior was modeled
using Equation 2 and predicted the behavior very well, as shown in Fig. 5.
Figure 5: Compressive piezoresistive relationships and model predictions of grouted sands

Figure 3: Effect of particle size d10 on the permeability of sands and grouted sands

The typical stress-strain relationships for the grouted sand with four
types of aggregates are shown in Figure 4. Clearly, the type of sand affected the stress-strain relationships of the grouted sand. For all grouted
sand, the failure strain at peak stress was less than 2 percent. The Vipulanandan stress-strain p-q model predicted the grouted behavior very well.
Figure 4: Model predictions compared to experimental results of the
compressive stress-strain behavior of grouted sands

Piezoresistivity of water-cured grouted sand was investigated. Grouted uniform and fine sand, S2 and S4, were tested with 0 percent and 0.1
percent CF to investigate the effect of CF on the piezoresistivity behavior
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In these finite element analyses, a 30-meter-high embankment was
investigated (Figure 6). Monitoring the shear-stress changes during
rapid drawdown can help explain the stress changes in the earth dams.
Grouted sand (S4), which had sensing property under compression, was
used to find the best locations in the earth dam. As shown in Figure 6,
four locations were selected: Loc.1 and Loc.2 in the embankment, and
Loc.3 and Loc.4 in the foundation. The shear stress changes were obtained from the load-deformation analyses. The shear-stress changes
were calculated from full reservoir (initial condition) and to empty reservoir 30 days later, rapid drawdown condition of 1m/day.
Figure 6: Locations for monitoring shear stress in earth dam after rapid drawdown condition

As shown in Fig. 7, the embankment shear-stress changes were higher
than the foundation shear stress changes. At Loc.1, maximum shearstress change was 92 kPa (equal to half the compressive stress) with the
strain of 0.40 percent (Figure 4) and was the highest change among the
other locations. With this shear-stress change the piezoresistivity was
15.6 percent.
Figure 8 shows the resistivity changes for Loc.2, Loc.3, and Loc.4 were
13.9 percent, 12 percent, and 14.4 percent, respectively. These measurements show the sensitivity of the smart grouted columns, so the resistivity changes were over 25 times higher than the compressive strains.

Figure 7: Shear stress change after rapid drawdown

Figure 8: Monitoring the resistivity changes in the earth dam during rapid drawdown

Conclusions
Based on this experimental and analytical study, the following conclusions are advanced:
• Unconfined compressive strength was affected by the density, particle
size and gradation. Strength of grouted sands increased when particles were finer. The compressive strength of the grouted sands varied
from 240 kPa to 675 kPa after 7days of moist curing. Vipulanandan
p-q model predicted the stress-strain and piezoresistivity behavior of
acrylamide grouted sands.
• The permeability of grouted sand was 10-10 cm/sec and was not affected by the grain size distribution and particle size of the sand.
• The acrylamide grouted sand with and without conductive filler was
piezoresistive. Adding 0.1 percent conductive filler into the sand
increased the sensitivity of the grouted sands. The average change in
resistance at 400 kPa compressive stress was 21 percent compared to
the compressive strain of less than 0.8 percent, over 25 times magnification.
• For the embankment configuration investigated in this study, monitoring the shear stress change due to drawdown of water level in the
dam on the upstream side was possible using the piezoresistive smart
grouted sand column. The resistivity changes were more than 25
times higher than the compressive strains.

New Vipulanandan Failure Model for Rocks
When tunneling through rocks to place the required infrastructure, there
is a need for better quantification of the failure criteria for the rocks.
Also, deep foundations are socketed in rocks to carry very high loads, and
it is important to know the failure strength of the rocks under multiaxial stresses. For the hydraulic fracturing of rocks to produce oil and gas
in a cost-effective way, the drilling, installation of wells and fracturing
processes must be designed using rock properties, including the tensile
strength and failure criteria.
At present, the Mohr-Coulomb model is used to characterize the failure of the rocks. However, the model over-estimates the tensile strength
and has no limit on the maximum shear strength tolerance for the rocks.
In addition, there is inadequate property correlation in the literature for
the rocks. Hence, there is a need for developing improved failure criteria
for the rocks.
Sandstone is a sedimentary rock composed mainly of sand-sized minerals or rock grains. Most sandstone is composed of quartz or feldspar because these are the most common minerals in the Earth's crust.
Rock formations that are primarily composed of sandstone usually allow
the percolation of water and other fluids and are porous enough to store
large quantities, making them valuable aquifers and petroleum reservoirs.
Fine-grained aquifers, such as sandstones, are better able to filter out
pollutants from the surface than are rocks with cracks and crevices, such
as limestone or other rocks fractured by seismic activity. Shale is a finegrained sedimentary rock composed of mud that is a mix of flakes of clay
minerals and tiny fragments (silt-sized particles) of other minerals, especially quartz and calcite.
Limestone is a sedimentary rock, composed mainly of skeletal fragments of marine organisms, such as coral, with the major minerals of
calcite and aragonite, which are different crystal forms of calcium carbonate (CaCO3). Limestone has been used for many construction applications such as, Portland cement concrete aggregate, asphalt pavement
aggregate, asphalt surface treatments, road base, structural fill, railroad
ballast, riprap, and drainage and erosion control.
The objective of this study was to verify the new Vipulanandan failure
model and compare the predictions to the Mohr-Coulomb model for
sandstone, shale and limestone rocks, using more than 750 data collected from the literature and tests performed in the CIGMAT laboratory.
Methods & Analyses
The Mohr-Coulomb failure model represents the linear relationship between the shear strength ( ) of a rock and the applied normal stress ( )
on the failure plane. This relation is as follows:
where {\displaystyle \tau }ooooo is the cohesion and the angle {\displaystyle \phi }ff fffis called the angle of internal friction.
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Hence, Mohr-Coulomb failure model does not satisfy the upper limit
condition for the shear strength tolerance of the materials.

The Vipulanandan failure model (Equation 6 and Figure 12) showed
the limestone coefficient of determination (R2) and root mean square
of error (RMSE) were 0.94 and 3.4 MPa, respectively, as summarized in
Table 6. The yield stress ( ) and tensile strength ( t) was 2.6 MPa and
3.2 MPa, respectively, and model parameters C and D for limestone were
1.26 and 0.01 MPa-1, respectively, per Table 3.
In the final analysis, the new Vipulanandan failure model (Equation
8) better predicted the experimental results compared to the Mohr-Coulomb model, and also quantified the maximum shear strength tolerance
( max.) for sandstone, shale and limestone as 410 MPa, 103 MPa and 102
MPa, respectively, as summarized in Table 3.
Figure 9: Vipulanandan failure model compared to Mohr-Coulomb model

Hence, the Vipulanandan model (Equation 6) has a limit on the maximum shear stress the rocks will tolerate at relatively high normal stress.
Shear stress-normal stress relationships were predicted using the Vipulanandan failure model and compared with the Mohr–Coulomb failure
model, as shown in Figure 9.
For sandstone, the shear-stress behavior of the 22 data collected from
the literature was modeled. Using the Mohr-Coulomb failure model
(Equation 3 and Figure 9), the coefficient of determination (R2) and root
mean square of error (RMSE) were 0.89 and 29.6 MPa, respectively, as
summarized in Table 3. The yield stress ( ), angle of internal friction ( )
and tensile strength ( t ) of the sandstone rock were 27 MPa, 48o and
24.2 MPa, respectively (Table 3).
With the Vipulanandan failure model (Equation 6 and Figure 10), the
coefficient of determination (R2) and root mean square of error (RMSE)
for sandstone were 0.98 and 14.1 MPa, respectively, as summarized in
Table 6. The yield stress ( ) and tensile strength ( t ) were 29 MPa and
7.8 MPa, respectively, and model parameters C and D for sandstone were
0.25 and 0.026 MPa-1, respectively, as summarized in Table 6.
The shear-stress behavior of shale used the 29 data collected from the
literature. Modeled using the Mohr-Coulomb failure (Equation 3 and
Figure 10), the coefficient of determination (R2) and root mean square
of error (RMSE) were 0.95 and 5.20 MPa, respectively, as summarized
in Table 6. The yield stress ( ), angle of internal friction ( ) and tensile
strength ( t ) of the shale rock were 2.5 MPa, 25o and 6.5 MPa, respectively (Table 3).
Using the Vipulanandan failure model (Equation 6 and Figure 11), the
coefficient of determination (R2) and root mean square of error (RMSE)
were 0.95 and 3.4 MPa respectively, as summarized in Table 6. The yield
stress ( ) and tensile strength ( t ) of the shale was 3 MPa and 3.9 MPa,
respectively, and the model parameters C and D for shale were 1.34 and
0.01 MPa-1, respectively, as summarized in Table 3.
For limestone, shear-stress behavior of the 40 data collected from
the literature, according to the Mohr-Coulomb failure model (Equation
3 and Figure 11) produced coefficient of determination (R2) and root
mean square of error (RMSE) of 0.97 and 3.3 MPa, respectively (Table
6). The yield stress ( ), angle of internal friction ( ) and tensile strength
( t ) of the limestone were 2.7 MPa, 28o and 5 MPa, respectively, per
Table 3.
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Figure 10: Vipulanandan failure model compared to Mohr-Coulomb model for sandstone

Figure 11: Vipulanandan failure model compared to Mohr-Coulomb model for shale rock

Table 3: Failure Model Parameters for Rocks

Figure 12: Vipulanandan failure model compared to Mohr-Coulomb model for limestone

Smart Cement Contaminated with Montmorillonite Clay
Portland cement slurries are not only used in construction, but also in
repair applications related to slurry walls, piles, other foundations, pipelines, tunnels, wells (oil, gas and water), bridges, buildings and highways.
Based on the application, cement slurries are made with additives and
water-to-cement ratios varying from 0.3 to more than 1. Construction
of deep foundations, near surface and underground structures require
drilling in the ground using drilling muds and placing the cementitious
materials in the boreholes, which may result in various types of clay soil
contamination. Clay soil contamination will impact the cement hydration and long-term properties. Unfortunately, there are no real-time
monitoring methods to detect the clay soil contamination of cementitious materials during construction or the effects of clay contaminations
during the service life of the infrastructures.
Electrical resistivity measurement has been used by many researchers
in the last two decades to characterize not only the cement concrete, but
also other cement slurries and composites. Limited studies have used
electrical measurement methods to study the microstructural evolution in hydrating cement-based material systems. However, there is no
information in the literature on electrical resistivity for characterizing
cements contaminated with clays.
Smart cement with high sensing properties developed by Vipulanandan can sense any change in the cement during the curing period and
after cement hardens. The smart cement can sense the changes in the
water-to-cement ratio, different additives, and any pressure applied to
the cement in terms of piezoresistivity. A recent smart cement study was
focused on class H and class G oil well cements with 0.1 percent conductive filler. Hence, if the sensing properties and piezoresistivity properties
of the Type 1 Portland cement can be improved, then Portland cement
can also be used for monitoring during the installation and the entire

service life of various types of civil infrastructures.
The overall objective of this study was to investigate and quantify
the effects of montmorillonite clay soil contamination on the behavior
of smart Portland cement. Specific purposes involved the effect of clay
soil contamination on the piezoresistive behavior of hardened modified
Portland cement and modeling the piezoresistive behavior of the smart
Portland cement.
Materials & Methods
ASTM has designated five types (I – V) of Portland cements. Chemically and physically these types differ in the tri-calcium aluminate (C3A)
content and the particle fineness. Of the five, Type I is very widely used
for many applications. Commercially available Portland cement Type I
was modified with filler (mixture of basaltic and carbon fibers) to make it
piezoresistive material.
Commercially available Wyoming bentonite was used and was characterized using the X-ray diffraction analyses. This clay is used in water-based drilling muds.
The cement samples were prepared by using a table to blender mixing
at a speed of 2,000 rpm for 5 minutes. Modified Portland cement with
water-to-cement ratio of 0.38 was used in this study. Cement slurries
were prepared with and without selected amounts of clay contamination
(0 percent, 1 percent and 5 percent, based on the total weight of cement
slurry mix).
After mixing the cement, specimens were prepared in plastic cylindrical molds with a diameter of 50.8 mm and a height of 101.6 mm. Two
conductive flexible wires were placed about 51 mm apart in all the molds.
After preparing the specimen, based on the weight and volume the unit
weight was determined for the three compositions investigated in this
study.
The specimens were cured under room condition (relative humidity
of 50 percent) and room temperature of 23oC. The cylindrical specimen was capped and tested at a predetermined controlled displacement
rate of 0.01 percent per minute. Compression tests were performed on
cement samples after 28 days of curing using a hydraulic compression
machine.
Piezoresistivity describes the change in electrical resistivity of a
material under pressure. Since cement serves as a load bearing part of
foundations, buildings, bridges, pipelines and wells in real applications, the piezoresistivity of smart cement was investigated under
compressive loading. During the compression test, electrical resistance was measured in the stress axis. To eliminate the polarization
effect, alternating current (AC) resistance measurements were made
using an LCR (L- inductance; C-Capacitance; R-Resistance) meter at
a frequency of 300 kHz. The changes in resistivity were related to the
applied stress.
UConOnline.com | JANUARY 2019
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Results & Conclusions
The electrical resistivity of the modified Portland cement slurry, with
and without clay soil contamination, was measured. The initial resistivity of the modified Portland cement slurry was 0.92 Ω.m and increased
with clay soil contamination. With 1 percent clay soil contamination,
the initial resistivity was increased to 0.94 Ω.m; with 5 percent clay soil
contamination, the initial resistivity was 1.15 Ω.m a 25 percent increase.
Hence, the initial resistivity was two to five times more sensitive than
the weight of clay soil contamination in the cement.
Adding a 0.1 percent conductive filler (CF) substantially improved
piezoresistive behavior of the cement. The Vipulanandan p-q piezoresistivity model (Equation 2) was used to predict the behavior.
The compressive strength ( f) of the modified Portland cement with 0
percent, 1 percent, and 5 percent clay soil contamination after 28 days of
curing was 31.40 MPa, 30.08 MPa and 27.44 MPa, with a 4 percent, and
13 percent reduction when the clay content increased about 1 percent
and 5 percent, respectively, as summarized in Table 4.
The change in electrical resistivity at failure for the smart Portland
cement was 270 percent, which reduced to 209 percent and 158 percent,
respectively, with 1 percent and 5 percent clay, as summarized in Table
4. With 5 percent clay soil contamination to the modified Portland cement, the change in electrical resistivity at failure was reduced about 40
percent from that of the modified Portland cement.
Using the p-q Piezoresistive model (Equation 2), the relationships
between compressive stress and the change in electrical resistivity of the
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modified Portland cement with different clay content for one day of curing were modeled. The piezoresistive model (Equation 9) predicted the
measured stress-change in resistivity relationship very well (Figure 13).
The model parameters q2 and p2 are summarized in Table 4. The coefficients of determination (R2) were 0.98 to 0.99 and the root mean square
of error (RMSE) varied between 0.34 MPa and 0.44 MPa, as summarized
in Table 4.
Based on experimental and analytical study on the smart Portland
cement with and without montmorillonite clay soil contamination, the
following conclusions are advanced:
• The initial resistivity (o ) of the smart Portland cement increased
from 0.92 Ω-m to 1.15 Ω-m with 5 percent montmorillonite clay soil
contamination, a 25 percent increase. The minimum resistivity (min)
of the smart Portland cement increased from 0.84 Ω-m to 1.07 Ω-m
with 5 percent montmorillonite clay soil contamination, a 27 percent
increase. The changes in the electrical resistivity were higher than the
changes in the unit weight of the cement. Thus, the electrical resistivity can also be used for quality control of the Portland cement.
• The smart Portland cement showed piezoresistive behavior under
compressive stress. Without any clay soil contamination, piezoresistivity at peak stress varied from 270 percent, which was reduced up to
158 percent with 5 percent montmorillonite clay soil contamination.
The nonlinear Vipulanandan p-q piezoresistive model predicated the
compressive stress – change in resistivity relationship of the modified
Portland – cement very well.

Figure 13: Piezoresistive response of the smart cement, with and without montmorillonite
clay soil contamination, after 28 days of curing and predicted using the Vipulanandan p-q
piezoresistivity model

Annual Conference, Exhibition
Annually in early March, CIGMAT organizes a Conference and Exhibition, "Infrastructure, Energy, Geotechnical, Flooding and Sustainability
Issues Related to Houston and Other Major Cities.” Topics related to
infrastructure and energy construction, maintenance and rehabilitation
are presented and discussed, and exhibited. This includes technical issues
associated with maintenance and rehabilitation of water and wastewater systems, nondestructive testing methods, oil wells and pipelines,
hydraulic fracturing and development of smart materials for various
applications. Several geotechnical topics related to expansive clays, rapid
construction of deep foundations and ground faulting are also discussed.
The 24th CIGMAT-2019 Conference and Exhibition will be held on
March 1, 2019. Updates on the 2019 conference and proceedings from
the past 19 years are available on the CIGMAT website cigmat.cive.
uh.edu.

Table 4. Compressive Strength, Piezoresistivity, Model Parameters p2 and q2 for
Smart Portland Cement After 1 Day and 28
Days of Curing
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