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Research studies performed at the University of Houston’s Center for 
Innovative Growing Materials and Technology (CIGMAT) are focused on 
maintaining energy, water and wastewater infrastructure and pipelines; 
developing new, smart materials for construction, maintenance and repairs; 
and detecting and quantifying corrosion and environmental issues. The 
Director of CIGMAT is Dr. C. Vipulanandan (Vipu), Ph.D. P.E., professor of 
Civil Engineering, University of Houston, Houston, TX. Ongoing research at 
CIGMAT is funded by federal, state and local agencies and industries.

Over the past two decades, over five dozen commercial products – in-
cluding rapid repair materials, coatings, grouts, liners, cementitious and 
polymer composites and pipes – have been researched and tested for a 
number of applications. Microbial fuel cell technology is being further 
developed to treat and recycle highly salty fracturing fluids. Also, the ob-
served trends are analytically and numerically modeled to better under-
stand the influence of various testing and environmental parameters. 

CIGMAT’s commitment to transfer technology from control studies 
to actual applications, led to development of unique testing facilities in 
recent years, such as high-pressure and high-temperature (HPHT) testing 
of materials for oil and gas infrastructure applications, and EPA-approved 
protocols to test grouts and coatings for infrastructure rehabilitations. As 
another example, the Life Cycle Cost model (CIGMAT-LCC) for waste-
water systems, available on the CIGMAT website, is being used by cities, 
counties and the public.

Current projects involve basic research, as well as applied field research 
related to both onshore and offshore applications. Examples include:
• Developing “smart” materials including cement (being patterned in 

over 135 countries), drilling fluids, spacer fluids and grouts for various 
applications.

• Evaluating long-term performance of micro-silica based cement liners.
• Characterizing polypropylene composite coatings for deepwater oil 

pipelines.
• Developing methods to treat contaminated soils and expansive clays.
• New non- destructive technology for detecting and quantifying cor-

rosion (being patterned in over 135 countries), and multifunctional 
microbial fuel cells.

Micro-silica Based Cement Liners for Manholes
Since cementitious materials are used in various onshore and offshore in-
frastructures, there are rising concerns about changes in their mechanical 
and physical properties under long-term exposure to adverse environ-
ments. Hence, cement concrete response to chemical environments must 
be investigated. 

The cement material deterioration may be caused by many factors, 
including temperature cycles, carbonation, alkali-aggregate reaction, and 
attacks by sulfates, acids and other chemicals; and is seldom caused solely 

by one of these processes. Usually, deterioration is due to the combined 
effect of several factors at the same time or successively. 

The mechanism of attack is also different, depending on the condition 
and type of concrete. In the case of a dry environment, the formation of 
reaction products may cause expansion in the pores and capillaries due 
to the salt crystallization. Micro-cracks may develop, which will allow 
deeper penetration of the ions and accelerate the rate of corrosion. In a 
wet environment, acid droplets interact and make soluble salts, which are 
subsequently formed and leached out. Due to leaching of the soluble salts, 
the cement binder is affected and concrete loses its strength. Due to acid 
attack, the concrete surface becomes more porous and permeable, making 
it easier for further chemical attack.

Concrete can be used without secondary protection in a sulfate envi-
ronment provided the sulfate concentrations are less than 6000 mg/L. If 
the sulfate concentration is more than about 6000 mg/L, surface coatings 
are usually applied on concrete to protect it from corrosion. Degradation 
takes place in the form of cracking, pop-outs from loss of coarse aggre-
gate, and disintegration of hydrated cements. Sulfate ions present in soil, 
groundwater, seawater, decaying organic matter and industrial effluents 
are known to have an adverse effect on the long-term durability of con-
crete. 

Manholes are a very critical component of the wastewater collection 
system. They are designed as access points to wastewater system pipe-
lines, allowing for inspection, maintenance and rehabilitation. The man-
hole has long been overlooked as a major source of inflow and infiltration, 
and this has proven to be a costly mistake. While it is becoming important 
for designers and material developers to understand the environmental 
effects on cement liners, effects due to long-term exposure to the waste-
water environment have not been fully examined. 

This study was focused on quantifying the performance of a micro-sil-
ica based cement liner in service for 5, 10, 15 and 25 years. The overall 
objective was to investigate the effect of aging on a microsilica-based 
cement liner material (Reliner MSP) in a wastewater environment, using 
field samples obtained from various active manholes in Houston and San 
Antonio, TX. Specific objectives were to: 
• Visually inspect the quality of the core samples.
• Quantify the water uptake by the core samples.
• Determine the constituents of the core samples using XRD and other 

methods. 
• Relate the age of samples to qualified properties of the samples.

Houston is the fourth-largest city in the U.S., with a population of over 
2 million. Its wastewater system has more than 6,250 miles of pipelines, 
425 lift stations and 100,000-plus manholes. The city is currently spend-
ing over $100 million  per year to clean and rehabilitate its wastewater 
systems, with a strong emphasis on relining the manholes.
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San Antonio,  the nation’s seventh-largest city, has a population of 
about 1.41 million. The wastewater system has more than 5,100 miles of 
gravity sewer pipelines, 170 lift stations and 100,000-plus manholes.

Experiments
X-ray diffraction (XRD) was used to characterize the cement. The XRD 
patterns were obtained using the Siemens D5000 powder X-ray diffrac-
tion machine. Specimens for XRD were prepared from air-dried cement. 
The cement sample (2 g) was placed in an acrylic sample holder about 
3 mm deep. All samples were analyzed by using parallel beam optics with 
CuKα radiation at 40 kV and 30 mA. All samples were scanned for re-
flections (2) in the 0 to 80° range at a step size of 0.02° and a 2-second 
count time per step.

Dry cement specimens were immersed in water and tested for weight 
change in a three-hour time period. Weight changes in the samples were 
normalized with the initial weight of the samples tested. The higher the 
weight changes, the greater the affinity to retain water and the more po-
rous the material will be. The immersion test was conducted based on the 
ASTM D 6943.

Core samples of 1-inch diameter were obtained from active Hous-
ton-area and San Antonio wastewater sewers. The samples came from 
near the bottom of 36- to 48-inch diameter manholes that were lined 
with the cement material used a number of years ago. The age of the field 
core samples varied from 5 to 25 years. In order to compare the perfor-
mance of the aged micro-silica-based cement liner to a new liner, the 
properties and constituents of new liner material were also investigated.

Test Results
The physical characteristics of the materials were as follows and as sum-
marized in Table 1.
• Core samples of the new liner were intact, with no loose materials or 

fragments on the surface. No visible cracks or discoloration were ob-
served. The dry unit weight was 95 pcf.

• Core samples of the 5-year-old liner (Houston) were intact, with no 
loose materials or fragments on the surface. No visible cracks were ob-
served; slight discoloration was observed.

• Core samples of the 10-year-old liner (Houston) were intact, with no 
loose materials or fragments on the surface. No visible cracks were ob-
served. Some discoloration was observed. The dry unit weight was 87 
pcf. Reduction in unit weight indicated loss of some materials from the 
cement liner during its 10-year service life.

• Core samples of the 15-year-old liner (Houston) were intact, with no 
loose materials on the surface. No visible cracks were observed; some 
discoloration was observed (sample was darker in color). The dry unit 
weight was 82 pcf. Reduction in unit weight indicated loss of some ma-
terials from the cement liner during its 15-year service life.

• Core samples of the 25-year-old liner (San Antonio) were intact, with 
no loose materials on the surface. No visible cracks were observed. The 
dry unit weight was 80 pcf. Reduction in unit weight indicated loss of 
some materials from the cement liner during its 20-year life.

Results of the immersion test were as follows:
• The percentage of weight change indicates the affinity of water to the 

liner and the porosity of the material. The average weight change was 
2.9% for the new liner (Table 1).

• The average weight change was 3.61% for the 5-year-old liner. The in-
creased percentage of weight change, compared to the new liner, indi-
cates the affinity of water to the new reaction products and an increase 
in the porosity of the material.

• The weight change was 5.32% for the 10-year-old liner. The increased 
percentage of weight change, compared to the new liner, indicates the 
affinity of water to new reaction products (XRD analysis results) and 
an increase in the porosity of the material. This study is the first of its 
kind, hence there is no information in the literature to compare the 
results.

• The weight change was 7.48% for the 25-year-old liner. The increased 
percentage of weight change, compared to the new liner, indicates the 
affinity of water to new reaction products (XRD analysis results), and 
an increase in the porosity of the material as shown in Figure 1.
Cured samples were obtained from the new liner supplier for the XRD 

part of the study. The peaks observed were typical for cement mortar.  
The cement had calcium carbonite (CaCO3) (2 peaks at 29.5°), calcium 

Table 1: Summary of test results on the liner materials.

Figure 1: Weight change with time during immersion test on 25-year-old cement 
liner material.
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hydroxide (Ca (OH)2) (2 peaks at 34.8°), calcium oxide (CaO) (2 peaks 
at 32.1°) and Quartz (SiO2) (2 peaks at 22.1°and 25.01°). 

Based on the XRD analysis (Figure 5), the calcium hydroxide peak of 
the 5-year-old liner was reduced, and the intensities of CaO and CaCO3 
peaks were increased. During the service life, the cement liner materials 
are in contact with the wastewater, which could dissolve the excess crys-
talline calcium hydroxide in the liner. The wastewater environment is also 
resulting in more carbonation of the cement liner with time. The cement 
had calcium sulfate (CaSO4) (2 peaks at 11.5° and 21°), calcium oxide 
(CaO) (2 peaks at 36.9°), ettringite (2 peaks at 9.1°) and quartz (SiO2) 
(2 peaks at 27°and 50.6°), as shown in Figure 2.

CIGMAT Report

Figure 2: Typical XRD pattern for the 5-year-old cement liner material.

The wastewater environment also results in more carbonation of the 
25-year-old cement liner with time. In addition, CaCO3 peak was detect-
ed, indicating an environmental condition in the sewer. The cement had 
calcium sulfate (CaSO4) (2 peaks at 14.5° and 39.5°), calcium carbonate 
(CaCO3) (2 peaks at 33.1° and 62.3°), calcium oxide (2 peaks at 33.5° 
and 47.2°) and quartz (SiO2) (2 peaks at 29.1° and 51.9°).

Conclusions
The durability of micro-silica based cementitious liner used for protecting 
the manholes in Houston and San Antonio, TX, wastewater sewers was 
investigated using core samples from the field. Samples were obtained 
from the sewers after 5, 10, 15 and 25 years in service. Based on the test 
results, the following conclusions are advanced:
• Visual inspection of the specimens showed that the core samples ob-

tained from the sewers were in good condition, with some discolor-
ation. The fact that the cores were intact was a positive indicator as to 
their long-term durability.

• Immersion test results showed that the water uptake by the liner sam-
ples varied from 5% to 8%, and increased with the age of the samples. 
The changes reflected the high usage of the manholes. Even with these 
changes, the liner samples were in good condition.

• XRD analyses of the samples identified the constituents in the liner 
matrix. While typical cementitious constituents, such as calcium oxide, 
were identified in the aged liner materials, additional compounds, such 
as ettringite, calcium carbonate and calcium sulfate, were also identi-
fied. Additional compounds also reflect the nature of the environmen-
tal condition in the sewer system. Although various compounds were 
identified in the liner, they were still in good condition. 

Polypropylene Composites Insulator Coatings
During the past few decades, growth in the use of structural polymer com-
posites has resulted in the need for better characterizations of the materials 
under working conditions. A strong driving force for new polymer com-
posites is the fact that these materials can perform equally well as metals, 
especially under low-temperature application where nonferrous die castings 
have been used. In addition, polymer composites are highly non-corrosive, 
with the ability to be tailored and designed to any shape and size. In the 
case of fiberglass-polymer composites, the fiber choice, arrangement and 
proportions are independently controlled by the fabricator.  

Polypropylene and its composites, with glass fiber and glass micro-
sphere, have many applications in automobiles, aerospace, appliances and 
subsea pipeline insulation. With this wide range of uses, better characteri-
zation of the mechanical properties is becoming more important.

This study investigated the effects of strain rates and temperatures on 
various polypropylene and composite materials used as different layers 
in the wet coating of subsea pipelines. Based on the test results obtained 
using field samples, constitutive models were developed in terms of strain 
rate and temperature for the tensile yield strength, initial elastic modulus, 
and secant modulus at-yield.

Experiments
For this study, the polypropylene polymer coating materials were ob-
tained from deepwater oil pipelines, with a multilayer polypropylene 
composite insulation as shown in Figure 3. The pipes with the insulation 
coating were supplied to the CIGMAT Research Laboratory by an oil com-
pany to characterize the behavior of polypropylene composites insulator 
coatings. The coating materials investigated were pure polypropylene 
(PP), polypropylene with glass microsphere filler (GM) and polypropylene 
with 65-percent glass filler (GF). 

The microstructure of the polypropylene and composites was investi-
gated using the Scanning Electron Microscope (SEM). The test specimens 
were cut from the pipe coating directly and machined to the needed size 
and shape for the experimental study. 

For the uniaxial direct tensile test, dog-bone shaped specimens were 
used. The specimens were obtained from the various layers in the coating 
and were 162 mm in total length, with 82 mm of gage length (L), and 
thickness (t) was 6.4 mm. Prior to testing, all the specimens were visually 
inspected for homogeneity.

The displacement controlled uniaxial tensile tests were performed us-
ing an INSTRON servo-hydraulic test machine equipped with a Tempera-
ture chamber. Two thermocouples were installed inside the Temperature 

Figure 3: Sketch of the one-quarter of insulated subsea pipe with its thermal insu-
lation layer. (PP= pure polypropylene, GF=polypropylene with 65% glass filler, 
GM=polypropylene with glass microsphere filler.)
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chamber, one on the chamber wall and the other on the surface of the test 
specimens.

The uniaxial tension tests were performed when the temperature read-
ing from the two thermocouples reached the testing temperature. An 
extensometer with a gage length of 50.8 mm   and travel length of 25.4 
mm was used to measure the axial strain, along with electrical resistance 
strain gage with a gage length of 10 mm. The strain gage was used to mea-
sure the strains below 1%. The tests were performed up to 50% strain. 
Strain rates were varied between 0.003/min and 0.300/min and the three 
test temperatures were 22°C, 60°C and 90°C, based on potential exposure 
condition for the coatings. The strain rates were determined from the  
extensometer reading.

The three material parameters, initial elastic modulus (Ei), yield 
strength (y) and yield strain (y) were determined from the engineering 
stress-strain relationships. The initial modulus was determined as the ini-
tial slope of the stress-strain relationship. The yield strength was the max-
imum engineering stress carried by the specimen. The secant modulus at 
yield was obtained by dividing the yield strength by the yield strain.

Material Characterization
The materials were characterized using the bulk density, FT-IR response 
and SEM microstructural analyses, based on testing 36 samples.
• The average density of PP was 0.80 g/cm3 and the maximum coefficient 

of variation (COV) was less than 0.5%. This average density of PP was 
comparable to the density reported in the literature.

• The average density of GM was 0.79 g/cm3 and the maximum coef-
ficient of variation (COV) was less than 1%. It was very close to the 
density of the pure polypropylene due to the type of glass microsphere 
fillers used in the composite. The glass microsphere content was 30% 
by volume of the composite and had an average diameter of 30 m.

• The average density of GF was 1.95 g/cm3 and the maximum coeffi-
cient of variation (COV) was less than 1.5%. It is 2.4 times higher than 
the density of PP and was used to provide stability to the subsea pipe-
line, as well as for its thermal properties. A similar polypropylene com-
posite was used as a subsea pipeline coating with a reported density of 
2.30 g/cm3.
The SEM micrograph of GM in PP is depicted in Figure 4; part (a) 

shows the overall distribution of glass microspheres in the polypropylene 
matrix. At higher resolution, Figure 4(b), the glass microsphere was 30 
m in diameter.

The SEM results of GF are shown in Figure 5. In part (a), the polypro-
pylene matrix has been clearly identified separately from the glass par-
ticles. The concentration of the glass particles were about 65% (volume 
fraction) calculated from the bulk density. The glass particles’ average size 
was less than 1 m, as observed at higher resolution in Figure 5(b). 

Figure 4: SEM micrograph of polypropylene with glass microsphere filler (GM); (a) 
magnification of 0.1KX, and (b) magnification of 4.6 KX.

Table 2: Avreage properties of PP, GM and GF.

Figure 5: SEM micrograph of glass filled polypropylene (GF); (a) magnification of 
12 KX, and (b) magnification of 123 KX.

Test Results
The engineering tensile stress-strain relationships of pure polypropyl-
ene, and polypropylene with glass microsphere filler and 65% glass filler, 
under different strain rates and temperatures are shown in Figure 6(a), 
Figure 6(b) and Figure 6(c), respectively.

At least three specimens were tested under each condition, and the 
average properties are summarized in Table 2. The maximum coefficient 
of variation (COV) for the yield strength, initial modulus and secant mod-
ulus for all the materials tested were 2%, 4% and 3%,  respectively. No 
clear necking was observed in any of the specimens during the tests. The 
ratio of secant modulus at yield (Esy) to initial elastic modulus (Ei), Esy/Ei, 
represents the nonlinear behavior of the material. 

The engineering tensile stress-strain relationship of PP was nonlin-
ear in the elastic domain, as shown in Figure 6(a). The yield strength was 
taken to be the stress at the point of maximum change engineering stress, 
which corresponded in most cases to the maximum stress in the stress-
strain curve. After yielding, the stress-strain relationship was nearly 
perfectly plastic behavior at all strain rates and temperatures. Quantify-
ing the temperature effect at the same strain rate, the overall stress level 
decreased with increasing temperature. At a strain rate of 0.300 min-1 
the yield strength was 25.6 MPa at 220C and 10.0 MPa at 900C, a 61% 
decrease in yield strength for about a 300% increase in temperature. On 
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Figure 6: Engineering stress-strain relationships for (a) pure polypropylene (PP), (b) 
glass microspheres filled polypropylene (GM), (c) glass filled polypropylene (GF).

In the case of GM, with a density of 0.79 g/cm3, it was observed that 
the engineering tensile stress-strain relationship was nonlinear in both 
elastic and inelastic domain, as shown in Figure 6(b). The initial yielding 
was followed by nearly perfectly plastic state with some slight increase in 
stress level near the fracture point in some cases. Quantifying the tem-
perature effect, at the same strain rate, the overall stress level decreased 
with increasing temperature; i.e. at a strain rate of 0.300 min-1 the yield 
strength was 9.0 MPa at 220C and 4.0 MPa at 900C, a 56% decrease in 
strength for about 300% increase in temperature. The stress level in-
creased with increasing strain rate at all temperatures in the strain rate 
range studied. The addition of glass microsphere to polypropylene de-
creased the yield strength and increased its thermal insulation properties. 
The nonlinear behavior was more pronounced. The ratio Esy/Ei varied 
from 0.167 to 0.120 when the temperature increased from 22 to 900C at a 
strain rate of 0.03 min-1. The ratio Esyo/Eio, at 220C  increased from 0.167 
to 0.218 when the strain rate was increased from 0.03 to 0.30 min-1, 
respectively.

GF engineering stress-strain relationships were nonlinear in both 
elastic and inelastic domain, as shown in as shown in Figure 6(c). The 
initial yielding was followed by a sudden drop in the stress level and a 
steady decrease in the stress level, until fracture at all strain rates and 
temperatures. Quantifying the temperature effect, at the same strain 
rate, the yield strength decreased with increasing temperature. When the 
strain rate was 0.300 min-1 the yield strength was 16.0 MPa at 220C and 
6.8 MPa at 900C, a 58% decrease in strength for about 300% increase in 
temperature. The stress level increased with increasing strain rate at all 
temperatures within the strain rate range studied. Addition of 65% glass 
filler to polypropylene decreased its yield strength and made the resulting 
composite stiffer and more brittle at near-room temperature, 220C. The 
modular ratio Esy/Ei decreased from 0.358 to 0.267 when the tempera-
ture increased from 22 to 900C at a strain rate of 0.03 min-1. The modular 
ratio Esyo/Eio, at 220C, increased from 0.359 to 0.400 when the strain 
rate was increased from 0.003 to 0.30 min-1.

In summary, pure polypropylene (PP) had the highest yield strength 
at 220C and 900C temperature, followed by the polypropylene with 65% 
glass filler (GF), as shown in Figure 8. GF had the highest elastic modulus, 
and polypropylene with glass microsphere filler (GM) had the lowest elas-
tic modulus. Addition of glass microsphere to polypropylene decreased 
the elastic modulus. The same observations were recorded at the strain 
rate of 0.300/min. Yield strengths were higher due to the strain rate level.

 
Conclusions
In this study, pure polypropylene, polypropylene with glass microsphere 
filler and polypropylene with 65% glass fillers used as insulator coating 
for deepwater pipelines were characterized using FT-IR and Scanning 
Electron Microscope. The materials were characterized based on the bulk 
density and tensile properties, with varying strain rates (0.003 to 0.300/
min) and temperatures (22ºC to 90ºC). 

At least three samples were tested under each condition, and the den-
sity maximum coefficient of variations was 0.5% to 1.5% based on the 
material type. Also, the maximum coefficient of variation for the tensile 
yield strength, initial modulus and secant modulus was 2%, 4% and 3%, 
respectively for all the tested materials.

Based on the experimental data and constitutive modeling of the be-
havior, the following conclusions are advanced:
• The pure polypropylene (PP), polypropylene with glass microsphere 

filler (GM) and polypropylene with 65% glass filler (GF) engineering 

the other hand, the yield strength increased with increasing strain rate 
at 220C, but no variation was observed with increasing strain rate at 60 
and 900C within the strain rate range studied. The ratio Esy/Ei varied 
from 0.375 to 0.387 when the temperature increased from 22 to 900C 
at a strain rate of 0.03 min-1. The ratio Esyo/Eio, at 220C varied from 
0.282 to 0.360 when the strain rate was varied from 0.003 to 0.30  
min-1, respectively.

CIGMAT Report
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stress-strain behaviors were strain rate and temperature dependent. 
For all three materials, the yield strength, initial elastic modulus and 
secant modulus decreased with increasing temperature and increased 
with increasing strain rate. 

• There were clear differences in the tensile properties of the materials. 
Adding 65% (volume fraction) of glass particles to polypropylene dras-
tically decreased its plasticity at 22ºC and its yield strength, as well as 
increasing its initial elastic modulus and more than doubling its bulk 
density. Addition of 30% glass microspheres resulted in a composite 
bulk density at 0.79 g/cm3, but decreased the yield strength and its ini-
tial elastic modulus. 

Smart Cement Modified with Laponite
Cement is the largest quantity of material manufactured in the world for 
multiple applications. It  is used as a binder in concrete, as strengthening 
material in grouts, and as a sealing layer between the oil and gas well cas-
ing and the geological formation, referred to as the zonal isolation. In re-
cent years, “smart” (highly sensing chemo-thermo-piezoresistive) cement 
has been developed in the CIGMAT research laboratory. 

For different types of cement applications, additives such as clay, ben-
tonite, silica fume, cement kiln dust and metakaolin, that enhance the 
compression and bending strengths of the cement, have been studied. 
The use of clay as a partial cement replacement material – up to 30% in 
mortar and concrete – leads to improvement in the pore structure and 
high resistance to the transportation of water, the aggressive action of 
organic acids and diffusion of harmful ions that lead to degradation of the 
matrix.

The overall objective of this study was to investigate the effect of up to 
1% of Laponite (LP) on the modified smart cement (Class H) behavior. 
The properties of interest were curing, rheological properties, compressive 
strength and piezoresistive behavior. The specific objectives were to:
• Investigate the effect of LP on the rheological properties of smart ce-

ment and quantify the behavior.
• Investigate the changes in the electrical resistivity during curing time 

of the smart cement.
• Quantify the compressive strength and piezoresistive behavior of the 

LP modified smart cement. 
Commercially available Laponite was used in this study. Based on the 

manufacture’s data, the Laponite had 60% of SiO2, 27.5% of MgO and 
0.8% of Li2O. 

Results and Conclusions
Smart cement slurries with w/c ratio of 0.38 at two different tempera-
tures showed significantly different rheological properties. However, 
regardless of the LP percentage and temperature, all slurries exhibited 
non-Newtonian and shear-thinning behavior as shown in Figure 6.

Shear-stress/shear-strain rate relationships were predicated using the 
Vipulanandan rheological model, and compared with the Vocadlo model 
(Figure 7).

Figure 7: Comparing the rheological model predictions; (a) LP = 0% , and (b) LP = 1%.

Modeling Options
Two models apply to the study’s objective of investigating the effect of up to 1% of Laponite (LP) on the modified “smart” cement.

Vocadlo model (1969)
Due to the shear-thinning behavior of the cement slurries, a Bingham 
plastic model was not accurate to estimate the shear-stress/shear-
strain rate relationship. The advantage of the proposed model is its 
higher accuracy, especially at higher strain shear strain rates: 

                    
   

Vipulanandan rheological model (2014)
To predict the shear-stress/shear-strain rate relationship, a Vipulanan-
dan rheological model (2014) was proposed to predict the experimental 
data, and the trend observed. The Vipulanandan rheological model is 
represented as follows:

                   

where 02 is the yield stress at zero shear strain rate (Pa),  is the 
shear strain rate (s-1), and A and D are the model parameters:when

=[ +k  *   ]1
0-5 1/n

max  = 
max =      + 1

D 


A+D= +02
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Using the Vocadlo model, the shear thinning behavior of smart ce-
ment slurry with w/c ratio of 0.38 and 0% LP at two different tempera-
tures, 250C and 850C, up to a shear strain rate of 1024 s-1 (600 rpm), was 
predicted. The coefficient of determination (R2) was 0.97. The root mean 
square of error (RMSE) varied between 5.91 Pa and 11.1 Pa based on the 
temperature. The yield stress (o1) for the cement slurry at 250C was 20.1 
Pa; when the temperature was raised to 850C, the yield stress increased to 
42.5 Pa – a 99.5% increase. The model parameter k for the cement slurry 
at temperatures of 250C and 850C varied between 21.3 Pa.sn and 4.6 Pa.sn, 
respectively. The model parameter n for the cement slurry decreased from 
0.75 to 0.56 with the temperature increase to 850C.

 When LP was 1%, the Vocadlo model showed the coefficient of deter-
mination (R2) varied between 0.98 and 0.99, and the root mean square of 
error (RMSE) varied from 8.76 Pa to 13.93 Pa. The yield stress (o1) for 
the cement slurry at 250C was 31.5 Pa and at 850C was 62.6 Pa – a 98% 
increase. The model parameter k for the cement slurry at 250C and 850C 
varied between 20.6 Pa.sⁿ and 69.3 Pa.sⁿ, based on the temperature and 
LP content. The model parameter n for cement slurry decreased from 
0.76 to 0.54 when the temperature increased to 850C. 

The same calculations were made using the Vipulanandan rheological 
model. With 0% of LP content, the coefficient of determination (R2) was 
greater than or equal to 0.98. The root mean square of error (RMSE) 
varied between 5.7 Pa and 9.9 Pa, respectively. The yield stress (o2)  
of the smart cement slurry at 250C was 19.3 Pa, and at 850C was 53.2  
Pa – a 175% increase. The model parameter A for the smart cement slur-
ry at 250C and 850C varied between 1.62 Pa.s-1 and 0.59 Pa.s-1, respec-

( )


( )


Figure 8: Piezoresisitive behavior of smart cement with and without LP.

CIGMAT Report

The annual CIGMAT conference is a successful event, where new topics related to 
infrastructures and energy are presented and discussed. The 23rd CIGMAT Con-
ference and Exhibition will be held on March 2, 2018. Visit the CIGMAT website 
for updates: http://cigmat.cive.uh.edu.

tively. The model parameter D for the smart cement slurry at 250C and 
850C was 0.006 Pa-1 and 0.003 Pa-1, respectively.

When LP=1%, the Vipulanandan model showed the coefficient of 
determination (R2) was 0.98, and the root mean square of error (RMSE) 
varied between 9.92 Pa and 14.1 Pa, based on the temperature. Adding 1% 
LP to the cement slurry at 250C showed a yield stress (o2) of 33.7 Pa – a 
75% increase. The model parameter A for the cement slurry at 250C and 
850C varied between 1.03 Pa.s-1 and 0.45 Pa.s-1. The model parameter D 
at 250C and 850C was 0.003 Pa-1 and 0.002 Pa-1, respectively.

The Vipulanandan rheological model has a limit on the maximum shear 
stress the slurry will produce at a very high rate of shear strain. The max 
for smart cement slurries with 0% and 1% LP content at 250C, was 186 
Pa and 404 Pa, respectively. Raising the temperature to 850C, increased 
the maximum shear stress by 108% and 38% for smart cement modified 
using 0% and 1% LP, respectively.

Other results were observed after one day and 28 days of curing. 
The compressive strength (f) of the cement with w/c ratio of 0.38, 

modified with 0% and 1% of LP, was 1583 psi and 2502 psi, respective-
ly, after one day of curing – a 58% increase. After 28 days, compressive 
strength increased 46% to 2810 psi and 4101 psi.

The piezoresistive behavior of the smart cement was investigated with 
up to 1% LP (Figure 8). Piezoresistivity at failure for the cement (no ad-
ditive) with w/c ratio of 0.38 was 0.55%.  Adding 0.1% conductive filler 
(CF) with w/c ratio of 0.38, increased the change in electrical resistivity 
of oil well cement at failure         f to 401%. The addition of 1% of LP to the 
smart cement after 28 days of curing, decreased the electrical resistivity 
at failure          f  from 401% to 211%. The piezoresistivity at failure with 
1% LP was more than 1,000 times higher than the compressive strain at 
failure.

Based on this experimental and analytical study on smart cement with 
up to 1% Laponite (LP), the following conclusions are advanced:
• The rheological test showed that class H cement had shear-thinning 

behavior and the new Vipulanandan rheological model predicted the 
shear-stress/-strain rate relationship very well.

• Addition of LP reduced the piezoresistivity of smart cement. The re-
sistivity change at peak stress was over 1,000 times higher than the 
change in compressive strain after 28 days of curing. Also, the addition 
of 1% LP increased the compressive strength by 46%.


