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Abstract 

The cement sheath is paramount for wellbore integrity 

which provides zonal isolation (i.e. severance of fluids 

including gas, water, and oil), protection against corrosive 

fluids, and mechanical support. Failure of the cement sheath can 

result in damaging environmental impacts, lost revenue from 

production, and hazardous rig operations.  

The purpose of this study is to develop a novel fiber 

hybridized cement class “H” mixture, embedded with alumina 

nanofibers (ANF’s) and sol-gel treated micro-synthetic 

polypropylene (PP) fibers. This study involves curing the 
cement samples at 170°F with 3,000 psi for 24 hours and 

measuring the unconfined compressive strength (UCS) and 

dynamic modulus of elasticity (MOE) shortly after samples are 

demolded.  

The optimum concentrations of fibers consisted of 0.15% 

ANF’s by weight of cement (BWOC) and 0.09% PP fibers 

(BWOC). Due to the lack of PP fibers to resist cracks before 

they appear, there was minimum contribution towards 

obtaining ultimate UCS. ANF’s were primarily responsible for 

reaching UCS due to their increased strength properties on the 

nanoscale level. However, PP fibers and ANF’s simultaneously 
contributed towards enhancing the MOE on the nano and 

microscale levels. Cement samples remained in the elastic 

regions as the flexibility of both fibers were simultaneously 

utilized.   

Quadratic models were effectively derived using the 

response surface methodology (RSM) approach. The p-value of 

the models were less than 0.05, according to the analysis of 

variance (ANOVA) table, which indicated statistical 

significance. The lack of fit was not significant, and the model 

can be used to effectively navigate the design space according 

to the regression model summary. Essentially, the multi-

variable and multi-objective optimization analysis was 
effective in predicting the UCS and MOE with only a 2% 

variation from the experimental values.  

 
Introduction  

In order to ensure proper wellbore cement integrity, the 

cement sheath must provide adequate zonal isolation. Zonal 

isolation provides the separation of fluids (i.e. gas, water, and 

oil), mechanical support, and protection against corrosive 

fluids. Cement sheath failure can result in gas migration 

towards the surface, pressurization of the annulus, hazardous 

rig and producing operations, and lost revenue from 

production. The infamous blowout of Macondo, in the Gulf of 

Mexico (USA), was largely attributed to cement failure based 

upon the BP Deepwater Horizon Accident Investigation 

Report (Bly 2011). The cement failure led to a rig explosion 

occurring on April 20, 2010 killing 11 people, injuring 17 

others, and causing a major oil spill. Additionally, data 

collected from various regions around the world (Australia, 

Austria, Bahrain, Brazil, Canada, the Netherlands, Poland, the 
UK and the USA) show that up to 75% of wells display some 

form of cement sheath failure (Davies et al. 2014).  

Geological formation shifting and different operational 

procedures induce stresses on the cement sheath throughout 

the life of the wellbore. Various operational procedures 

include pressure testing, hydraulic fracturing, fluid injection, 

subsequent drilling, perforating, hydrocarbon production, etc. 

As a result, tangential, radial, and axial stresses are induced on 

the cement sheath (Ramos et al. 2009; Jafariesfad et al. 2017; 

Li et al. 2017). Figure 1 displays the mentioned stresses where 

(𝜏𝑟𝜃𝑓) represents the tangential stress, (𝜎𝑟𝑓) represents the 

radial stress, and (𝜎𝑣𝑐) represents the vertical stress.  

 

 
Figure 1: Tangential, radial, and axial stresses on the 

cement sheath 
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Typically, the ultimate radial stress (which is perpendicular 

to the axis of the wellbore) represents the compressive 

strength while the ultimate tangential stress (which is 

perpendicular from the direction of radial stress) represents the 

tensile strength (Mueller et al. 2004). Consequently, 

mechanical property (strength and elastic properties) testing of 

the cement sheath is conducted to assess its mechanical 

performance in wellbore conditions (Lavrov and Torsæter 

2016).  

There have been considerable research efforts devoted 
towards improving the cement sheaths mechanical 

performance using nanoparticles, nanotubes, and nanofibers 

(Jafariesfad et al. 2017). Compared to their counterparts, 

nanofibers have displayed the ability to enhance the cement 

sheath’s mechanical performance better than nanoparticles and 

are less expensive than nanotubes (Khitab and Tausif 2014; 

Aghayan 2016). Among the various nanofibers, alumina 

nanofibers (ANF’s) have displayed improved mechanical 

reinforcement due to the seeding effect, high dispersibility, 

and an insignificant impact on the stability performance of the 

cement slurry (McElroy et al. 2019; McElroy et al. 2020).  

In addition to singly-reinforced cementitious additives, 
hybrid-reinforced cementitious additives have shown 

considerable potential. As an example, while using carbon 

nanofibers (CNFs) and polyvinyl alcohol (PVA) microfibers, 

ladder scale reinforcement was observed in Type I ordinary 

Portland cement (OPC) which significantly improved the 

mechanical properties of the matrix (Metaxa et al. 2010). 

Other researchers have conducted similar studies whereby a 

hybrid-reinforced cement system was found to be more 

effective than a singly-reinforced cement system (Yao et al. 

2003; Banthia and Sappakittipakorn 2007; Hari and Mini 

2019). The improvement of the hybrid-reinforced cement 
system as opposed to the singly-reinforced cement system is 

due to the gradual multi-scale failure process of cementitious 

material. Cement failure begins on the nanoscale level, 

progresses to the microscale level, and finally the macroscopic 

level (Metaxa et al. 2010). Fibers are able to slow the 

progression or halt cracks in cement due to the ability of fibers 

to bridge cracks and transfer loads.  

Despite the amount of research conducted, there are 

limited studies displaying the applicability of oil well cement 

cured in a simulated wellbore environment (pressure and 

temperature conditions beyond ambient) reinforced with a 

fiber hybrid system. Thus, this work investigates the uniaxial 
compressive strength (UCS) and the dynamic modulus of 

elasticity (MOE) of cement class “H” reinforced with a novel 

fiber combination of ANF’s and sol-gel treated micro-

synthetic polypropylene (PP) fibers. Natural PP fibers are able 

to accelerate cement thickening time and increase the 

flexibility and chemical durability of oil well cement (Ahmed 

et al. 2018). However, the fiber/matrix bond of PP fibers is 

considerably weak (Coppola et al. 2015). Consequently, the 

sol-gel reaction was conducted in order to deposit nano-silica 

(SiO2) on the surfaces of PP fibers which ultimately improves 

the bonding characteristics. Nano-silica has the ability to 
improve the cement slurry impermeability and increase the 

mechanical properties of the cement sheath (El-Gamal et al. 

2017). Under the Design of Experiment (DOE) the response 

surface methodology (RSM) was utilized to determine the 

optimum dosages of fiber concentrations, considering the 

cement formulation is a multi-variable and multi-objective 

optimization design.  

Experimental Methodology  

Materials used 
Class “H” cement, distilled water, a dispersing agent 

(friction reducer), and fiber additives were used to formulate 
cement samples. A 2% concentration of 99.9% pure gamma-

aluminum oxide (γ-Al2O3) ANF’s were pre-dispersed in 

deionized water. The materials used to complete the sol-gel 

treatment of PP fibers consisted of tetraethyl orthosilicate 

(TEOS, C8H20O4Si, 98%), ammonium hydroxide solution 

(NH4OH, 28% NH3 in H2O), and pure ethanol (EtOH, 

CH3CH2OH). Table 1 presents the physical properties of both 

fibers. 

Table 1: Physical Properties of ANF’s & PP fibers 

 

Fiber functionalization 
ANF’s are produced by oxidizing aluminum in a controlled 

liquid phase and reduced to the specified size range (Table 1) 
by a disintegrator. Due to ANF’s large aspect ratio (length-to-

diameter ratio) and high Van der Waals forces, fibers readily 

agglomerate which can lower the mechanical properties of 

cement material (McElroy et al. 2019; McElroy et al. 2020). 

Thus, ANF’s are ultrasonicated until fibers are properly 

dispersed and deagglomerated. In order to validate an effective 

ANF dispersion, transmission electron microscope (TEM) 

images of the pre-dispersed solution were taken. According to 

Figure 2, ANF’s were properly dispersed.  

 
Figure 2: Pre-dispersed 2% ANF solution 

Based upon previous studies (Pinto et al. 2008), SiO2 

Fiber Type OD Length Tensile Strength MOE TS Density

ANF g-Al203-OH 2.7-10 nm 100-900 nm 1.74E+06 psi 5.80E+07 psi 2012°F 0.14 lb/in
3

PP (C3H6)n 18 μm 12 mm 8.08E+04 psi 5.95E+05 psi 334°F 0.03 lb/in
3

Note: OD-Outer Diameter; MOE- Modulus of Elasticity; TS-Thermal Stability
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nanoparticles were deposited on PP fibers through the sol-gel 

technique. Essentially, the synthesis of a colloidal suspension 

of solid particles (sol) in a liquid (gel) allows the hydrolysis 

(production of hydroxyl groups) and condensation 

(polycondensation of hydroxyl groups along with residual 

alkoxyl groups) to produce large molecules of silicon through 

polymerization. Figure 3 displays PP fibers prior to using the 

sol-gel technique.  

 
Figure 3: As received polypropylene (PP) fibers 

The sol-gel process requires immersing one gram (g) of PP 

fibers in 85 mL of EtOH, 9 mL of distilled water, and 1.5 mL 

of NH4OH at 60°C (140°F) for 10 minutes. 4.5 mL of TEOS is 

then gradually added under magnetic stirring. After two hours, 

fibers were washed with distilled water and dried at room 

temperature (21.1°C (70°F)). Scanning electron microscope 

(SEM) images were used to validate the deposition of SiO2 

nanoparticles on the surface of PP fibers along with an energy-

dispersive X-ray spectroscopy (EDX) analysis to affirm the 

results.  

Cement samples preparation and testing procedures  
Figure 4 displays the Ofite model 20 constant speed blender 

which was used to prepare all cement specimens.  

 
Figure 4: Ofite model 20 constant speed blender 

 

Distilled water was blended for 15 seconds (s) at a rotational 

speed of 419 rad/s. During the 15 s period, the dry blended 

solids were uniformly added. After the 15 seconds duration, the 

rotational speed is automatically increased to 1257 rad/s for 35 

seconds. The produced slurry is poured into thinly greased 50.8 

mm (2 inch) cubed molds (approximately 135 mL of slurry) and 

placed into the high temperature high pressure (HTHP) curing 

chamber (Figure 5).  

 
Figure 5: High temperature high pressure (HTHP) curing 

chamber 

Samples were cured at 76.7 °C (170 °F) with 20.68 MPa 

(3,000 psi) for 24 hours in order to emulate wellbore conditions. 

After curing, samples were demolded and the UCS was 

measured under a 72 kN per minute constant load rate. Figure 

6 shows a result of the process. All test procedures were done 

in accordance with (API 10B-2 2013).  

 
Figure 6: Result of a uniaxial compressive strength (UCS) 

test 

In order to measure the dynamic MOE of cement samples, 

demolded cube specimens were sub sectioned into 38.1 mm 

(1.5 inch) diameter x 50.8 mm (2 inch) length cylinders using 
a diamond-tipped core drill bit mounted on a Wilton variable 

speed drill press. Cylinders were drilled using water as the 

lubricating fluid and dried in a vacuum oven at 100°C (212°F) 

over a 24-hour duration until the weight variation was less 

than 0.1%, a commonly used technique (Nelson and Guillot 

2006). The NER Autolab 1500 (New England Research, Inc., 

White River Junction, VT, USA) (Figure 7) was used to 
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calculate the dynamic MOE.  

 
Figure 7: NER Autolab 1500 

The bulk density (𝝆) (g/cm3) of the cement cores were 

calculated, before testing, as shown in equation (1) where “𝒓” 

represents the radius (cm), “𝒉” represents the height (cm), and 

“𝒎” represents the mass (g). Using the ultrasonic system from 

the NER Autolab 1500, shear pulses (𝑽𝒔 waves) and 

compressional pulses (𝑽𝒑 waves) were generated through 

cement specimens using a receiver and source transducer. 

Measurements were taken at a confining pressure of 20.68 

MPa (3,000 psi) in which the measured velocities (𝑽𝒔 and 𝑽𝒑 

waves (m/s)) were used to calculate the dynamic MOE 

(equation (2)). All tests were conducted three times, with the 

average taken, to ensure repeatability. 

 𝜌 =  
𝑚

𝜋𝑟2ℎ
 (1) 

 
𝑀𝑂𝐸 =  

𝜌𝑉𝑆
2(3𝑉𝑃

2 − 4𝑉𝑆
2)

𝑉𝑃
2 − 𝑉𝑆

2  
(2) 

Experimental design using response surface 
methodology (RSM)  

Since the cement mixture formulation is a multi-variable 

and multi-objective optimization design, the RSM through the 

DOE is utilized. RSM is a statistical technique in which a 
response of interest is optimized by analyzing several 

independent variables that influence the response (Montgomery 

2017). Typically, the central composite design (CCD) method 

is used which is the most commonly utilized method for RSM 

problems. Essentially, a functional relationship is derived 

between the response and the experimental variables. A CCD is 

composed of 𝑘 factors (independent variables) with 2𝑘 axial 

runs (star runs), 2𝑘 factorial runs (𝑛𝐹), and 𝑛𝑐 center runs. Thus, 

for each CCD test 13 experimental runs were executed 

encompassing four axial runs, four factorial runs, and five 

center runs. Five center runs are recommended which 

effectively tests for the model’s lack of fit. The factors are ANF 

and PP fibers with the responses as UCS and dynamic MOE. A 

design is made rotatable according to equation (3), in which “𝛼” 

has a value of 1.414.  

 𝛼 =  (𝑛𝐹)1/4 (3) 
 

Usually, design variables are rescaled to coded variables in 

a CCD with ±1 as the factorial levels and zero as the centroid 

of the design. Figure 8 displays the CCD for the current 

scenario.  

 
Figure 8: Central composite design (CCD) for ANF & PP 

fibers 

Increasing the ANF dosage past 0.2% lowers the 

mechanical properties of the cement matrix due to nanofiber 

clustering and irregularities in the hydration products 

(Muzenski et al. 2019; McElroy et al. 2019; McElroy et al. 

2020). Therefore, the maximum ANF concentration added was 

0.2% and the minimum concentration added was 0.03% by 

weight of cement (BWOC). The minimum ANF concentration 

was determined based on preliminary results and was selected 
to remain in the optimum design region. Likewise, the 

maximum concentration of PP fibers added was 0.5% BWOC 

based on previous studies (Ede and Ige 2014; Ahmed et al. 

2018). Increasing the PP fiber dosage past 0.5% BWOC results 

in lower cement mechanical properties and “fur balls” which 

tend to plug float equipment and pump plungers (Nelson and 

Guillot 2006). The minimum concentration of PP fibers was 

selected to be 0.09% BWOC, also based on preliminary tests 

and to remain in the optimum design region. All cement 

samples were designed with a water-to-cement ratio of 0.42. 

Table 2 displays all cement formulations according to the CCD 

method.  
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Table 2: Cement sample mixture proportions 

 

The optimum responses are near the defined region; 

therefore, a second order polynomial equation was used to 

calculate the UCS and MOE (equation (4)).  

𝑦 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖 +

𝑘

𝑖=1

∑ 𝛽𝑖𝑖𝑥𝑖
2 + ∑   ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + ɛ

𝑗=1

𝑖=1

𝑘

𝑗=2

𝑘

𝑖=1

 (4) 

"𝑦" is the predicted response for each cement sample, 𝑥𝑖 and 

𝑥𝑗  are the experimental factors, 𝛽0 is the y-intercept of the 

model, 𝛽𝑖  and 𝛽𝑖𝑖  represent the linear and quadratic coefficients 

respectively, 𝛽𝑖𝑗  represents the cross product coefficients, and 

“ɛ” is the residual error of the model. A software equipped with 

a multivariate regression package was used to fit the 

polynomials. The analysis of variance (ANOVA) was used to 

analyze the interaction between the responses and the factors.   

Results and Discussion  

Deposition of nano-silica (SiO2) particles on PP fibers  
Figure 9 displays the SEM and EDX results of the untreated 

(absence of sol-gel treatment) PP fibers. 

 
Figure 9: SEM and EDX results of untreated PP fibers 

The surface of the untreated PP fibers is noticeably smooth 

with no apparent roughness. However, fiber roughness is 

beneficial for improving the cement/matrix bond which 

improves the cement mechanical properties. Additionally, PP 

fibers possess poor wettability and a differing surface energy 

from the cement matrix which also results in a weak 

fiber/matrix bond (Di Maida et al. 2015; Akhlaghi et al. 2020). 

Thus, the sol-gel treatment was used to effectively deposit 

nano-silica particles on the surfaces PP fibers in order to 

improve the cement/matrix bond (Figure 10).   

 
Figure 10: SEM and EDX results of sol-gel treated PP 

fibers 

Figure 10 indicates improved roughness, due to the 

deposition of nano-silica particles, and the EDX results confirm 

the presence of silicon (Si) which was absent in Figure 9. The 

carbon (C) peak is due to the carbon tape (used to perform the 

test) and the (Au/Pd) peaks are a result of the fiber coating 

process before analysis. Nano-silica improves the mechanical 

properties, impermeability, reduces cement thickening time, 

and possess high pozzolanic activity. The nano-silica particles 

also contain silanol groups which allows points of nucleation 

for the formation of hydration components (Di Maida et al. 
2015; El-Gamal et al. 2017). Therefore, it is widely used in the 

oil well cementing and construction industries. The improved 

characteristics are essential for maximizing the properties of oil 

well cement.  

RSM Analysis: Uniaxial Compressive Strength (UCS)  
Figure 11 displays the UCS values for the cement specimens 

which varied between 4033 and 5253 psi.  

ANF's PP fibers Cement Water Dispersant ANF's PP fibers

1 0.03(-1) 0.09(-1) 179 76 0.71 0.05 0.16

2 0.20(1) 0.09(-1) 179 76 0.71 0.36 0.16

3 0.03(-1) 0.50(1) 179 76 0.71 0.05 0.90

4 0.20(1) 0.50(1) 179 76 0.71 0.36 0.90

5 0.00(-1.41) 0.30(0) 179 76 0.71 0.00 0.54

6 0.24(1.41) 0.30(0) 179 76 0.71 0.43 0.54

7 0.12(0) 0.00(-1.41) 179 76 0.71 0.21 0.00

8 0.12(0) 0.58(1.41) 179 76 0.71 0.21 1.04

9 0.12(0) 0.30(0) 179 76 0.71 0.21 0.54

10 0.12(0) 0.30(0) 179 76 0.71 0.21 0.54

11 0.12(0) 0.30(0) 179 76 0.71 0.21 0.54

12 0.12(0) 0.30(0) 179 76 0.71 0.21 0.54

13 0.12(0) 0.30(0) 179 76 0.71 0.21 0.54

Run 

Number

Factors (% BWOC) g for 135 mL cement slurry
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Figure 11: UCS experimental values 

The values in Figure 11 were then used to develop the three-

dimensional response surface plot (Figure 12). 

 
Figure 12: 3-D response surface plot, UCS 

According to Figure 12, there is a slight increase in the UCS 

compressive strength when the concentration of PP fibers is 

increased. The slight strength increase is attributed to 

reinforcement and bridging effect of PP fibers to resist the 

propagation of cracks. Also, the deposition of nano-silica 

particles increased the adhesion between the fiber/cement 
matrix. This allows for a more uniform distribution of stress 

throughout upper and lower cement surface regions rather than 

at the crack tips. However, PP fibers are unable to provide 

significant contribution towards the UCS. This is because PP 

fibers provide resistance in post-cracking (after cracks have 

appeared) rather than before cracks appear (Pajak 2016). Also, 

Table 1 indicates there is a large discrepancy in the strength 

difference between PP fibers and ANF. The tensile strength of 

PP fibers is two orders of magnitude lower than ANF. Since 

cracks initiate at the nanoscale level, the PP fibers become 

ineffective at the microscale level once the reinforcement of 

ANF’s have failed.  
Instead, the results indicate, ANF’s are the primary 

contributor for achieving ultimate UCS. ANF’s provide 

outstanding reinforcement capabilities before cracks appear. 

There are several reasons for the strength enhancement: (1) 

ANF’s possess a “bridging effect” which transfers stresses 

between nanopores (2) there is a nucleation effect which 

increases the degree of hydration (DOH) (more water is able to 

react with the cement) (3) the production of hydration products 

increases (mainly calcium-silicate-hydrate (C-S-H)) (4) the 

cementitious properties are increased with the formation of 1.1 

nm tobermorite due to the presence of alumina (Al2O3) (Meller 

et al. 2009; McElroy et al. 2019; McElroy et al. 2020). Equation 

(5) is the empirically derived equation which can be used to 

calculate the UCS.  

𝑈𝐶𝑆 (𝑝𝑠𝑖) = 3581.11626 + 20200.31727 ∗ 𝐴𝑁𝐹
+ 1228.67952 ∗ 𝑃𝑃 𝑓𝑖𝑏𝑒𝑟𝑠 − 19253.94548 ∗ 𝐴𝑁𝐹
∗ 𝑃𝑃 𝑓𝑖𝑏𝑒𝑟𝑠 − 55460.16919 ∗ 𝐴𝑁𝐹2 + 978.49840
∗ 𝑃𝑃 𝑓𝑖𝑏𝑒𝑟𝑠2 

(5) 

Figure 13 displays the two-dimensional contour plot for the 

UCS experimental data. The results support the findings which 

indicate ANF’s are the primary contributor towards the UCS. 

There are fewer interactions between independent variables, 

indicated by the distorted parabolic contours (Nassar et al. 

2016).  

 
Figure 13: 2-D contour plot, UCS 

RSM Analysis: Modulus of Elasticity (MOE) 
Figure 14 displays the MOE values for the cement 

specimens which varied between 1.79 and 2.20 psi × 106.   

 
Figure 14: MOE experimental values 

0.09  

0.19  

0.29  

0.40  

0.50  

  0.03
  0.07

  0.12
  0.16

  0.20

4000  

4200  

4400  

4600  

4800  

5000  

5200  

5400  

U
n

ia
x
ia

l 
C

o
m

p
re

ss
iv

e 
S

tr
en

g
th

 (
p
si

)

ANF (% BWOC)

PP fibers (% BWOC)

0.03 0.07 0.12 0.16 0.20

0.09

0.19

0.29

0.40

0.50
Uniaxial Compressive Strength (psi)

ANF (% BWOC)

P
P

 f
ib

er
s 

(%
 B

W
O

C
)

4400

4600

4600

4800

4800

5000

5200

5



AADE-20-FTCE-SPP-09              Improving Cement Wellbore Integrity with Fiber Hybridization: Based on Response Surface Methodology 7 

The values in Figure 14 were then used to develop the three-

dimensional response surface plot (Figure 15).  

 
Figure 15: 3-D response surface plot, MOE 

According to Figure 15, both PP fibers and ANF contribute 

towards obtaining the minimum MOE. Lowering the MOE of 

the cement sheath is advantageous because this allows the 

cement sheath to become more resistant to various mechanical 

stresses (Kopp et al. 2000). Both PP fibers and ANF are 

considered flexible materials in oil well cement specimens 

(Song et al. 2005; McElroy et al. 2020). As seen with the tensile 
strength of the fibers (Table 1) there is also a two orders of 

magnitude difference between the MOE. However, the 

discrepancy between the MOE of the fibers does not render the 

PP fibers ineffective. Since the measurement of the dynamic 

MOE of the cement specimen is a nondestructive test, the 

ultimate strength is not reached. There is only a low inelastic 

deformation due to the closing of microcracks from the 

confining pressure. Thus, the cement sample is still within the 

elastic region. This means the MOE is enhanced on both the 

nano and microscale levels. The derived RSM equation for the 

MOE is displayed in Equation (6).  

𝑀𝑂𝐸 (𝑝𝑠𝑖 ×  106) = 2.27187 − 5.88508 ∗ 𝐴𝑁𝐹
− 0.772722 ∗ 𝑃𝑃 𝑓𝑖𝑏𝑒𝑟𝑠 + 0.717360 ∗ 𝐴𝑁𝐹
∗ 𝑃𝑃 𝑓𝑖𝑏𝑒𝑟𝑠 + 20.95156 ∗ 𝐴𝑁𝐹2 + 1.57942
∗ 𝑃𝑃 𝑓𝑖𝑏𝑒𝑟𝑠2 

(6) 

Figure 16 displays the two-dimensional contour plot for the 
MOE experimental data. The results support the findings which 

indicate PP fibers and ANF’s contribute synergistically towards 

achieving the ultimate MOE. There is a high interaction 

between the two fibers, indicated by the elliptical contours. 

 
Figure 16: 2-D contour plot, MOE 

Model validation using ANOVA (Analysis of Variance) 
Both the UCS and MOE were effectively modeled using 

quadratic equations. In order to understand the relationship 

between the independent and dependent variables the ANOVA 

was utilized. Only the UCS data was used to avoid redundancy. 

The ANOVA results are displayed in Table 3.  

Table 3: Model analysis using ANOVA 

 

Significant model terms are indicated by p-values less than 
or equal to 0.05 while insignificant model terms have p-values 

greater than 0.05. This means all model terms, besides the B2 

term, have a significant effect on the response. Also, the p-value 

of the model term indicates the quadratic model is significant. 

Lastly, the lack of fit p-value indicates insignificance. This 

means the model can be used to accurately make predictions. 

The summary of the regression model is presented in Table 4.   

Table 4: Regression model summary 
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value is less than 0.2; this is an indication of non-biasness. 

Lastly, the Adeq Precision value is greater than four which is 

desirable (Montgomery 2017). Figure 17 presents the normal 

plot of the residuals.  

 
Figure 17: Normal plot of residuals 

The data points fall along the inclined straight line; this 

indicates the data is normally distributed, which is an 

assumption in multiple regression. Figure 18 presents the model 

predicted values vs. the experimental values.  

 
Figure 18: Predicted model values vs. experimental values 

The experimental data points fall closely on the predicted 
model slope which indicates adequate precision. Figure 19 

presents the perturbation plot.  

 
Figure 19: Perturbation plot 

This plot aids in comparing the effects of ANF and PP fibers 

at a particular point in the design space. ANF is represented by 

“A” while PP fibers are represented by “B”. The coded point 

“0” is at the centroid of the design space and the response is 

analyzed by changing one factor over its range while keeping 

the other factor constant. A flat line shows the response is 
insensitive to the factor, while a curved slope shows the 

response is sensitive to the factor. Thus, the results affirm the 

notation that the compressive strength is more sensitive to ANF 

rather than PP fibers. Similar model validating responses were 

also ascertained for the MOE.  

Multi-variable and multi-objective optimization 
analysis 

In order to determine the optimum concentrations of PP 

fibers and ANF’s, a multi-variable and multi-objective 

optimization analysis was performed. The desirability function 

(DF) was used to perform the analysis (Harrington 1965; 

Derringer and Suich 1980). Each response (𝑦𝑖) is converted into 

an individual desirability function (𝑑𝑖), using the input 

variables, that vary between zero and one. Values at one signify 

desirability while the values at zero signify non desirability. 

Equation (7) is used to maximize the UCS while equation 8 is 

used to minimize the MOE. 

 

𝑑𝑖 =  (
𝑦𝑖  − 𝐿

𝑈 − 𝐿
)

𝑤𝑖

, 𝐿 ≤ 𝑦𝑖 ≤ 𝑈 

𝑑𝑖 = 0, 𝑦𝑖 < 𝐿 

𝑑𝑖 = 1, 𝑦𝑖 > 𝑈 (7) 

 

𝑑𝑖 =  (
𝑈 − 𝑦𝑖

𝑈 − 𝐿
)

𝑤𝑖

, 𝐿 ≤ 𝑦𝑖 ≤ 𝑈 

𝑑𝑖 = 0, 𝑦𝑖 > 𝑈 

𝑑𝑖 = 1, 𝑦𝑖 < 𝐿 (8) 
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“𝑳” represents the lower limit of the response, “𝑼” 

represents the upper limit of the response, and 𝒘𝒊 is the 

weight. The UCS and MOE have the same level of 

importance; therefore, 𝒅𝒊 is combined using the geometric 

mean to calculate the overall DF (equation (9)).  

 𝐷𝐹 = (𝑑1 ∙ 𝑑2)1/2 (9) 

The DF for the UCS was calculated to be 0.97 and the DF 

for the MOE was calculated to be 0.94. The calculations 

resulted in a combined DF of 0.95. The optimum fiber dosages 
were calculated to be 0.15% ANF’s (BWOC) and 0.09% PP 

fibers (BWOC) as shown in the ramp diagrams (Figure 20).  

 
Figure 20: Ramp diagrams for optimization 

 Additional experimental validation tests were conducted 

in order to measure the accuracy of the predicted optimized 

values. The predicted value for the UCS (5219 psi) had a 

1.33% difference from the experimentally tested sample (5150 

psi). The predicted value for the MOE (1.81 psi × 106) had a 

1.10% difference from the experimentally tested sample (1.83 

psi × 106). Thus, the predicted values varied from the 
experimental values by less than 2%, indicating adequate 

precision between the measurements.  

Conclusion 

A fiber hybridized cement class “H” mixture, embedded 

with ANF’s and sol-gel treated PP fibers, were experimentally 

investigated in this study. The UCS and MOE were investigated 

under simulated downhole conditions and the results were 

statistically analyzed. The following conclusions can be drawn:  

• Based upon the results, ANF’s were properly dispersed and 

nano-silica particles were effectively deposited on the 

surfaces of micro-synthetic (PP) fibers in order to enhance 

the fiber/matrix bond.  

• After curing samples at 170 °F with 3,000 psi for 24 hours, 

the ultimate UCS was mainly a result of ANF reinforcement 

with minimum contribution from PP fibers. PP fibers provide 

minimum contribution due to the strength difference of the 

fibers and the tendency of PP fibers to resist stresses after 

cracks have appeared rather than before cracks appear.  

• The ultimate MOE was simultaneously improved on the 

nano and microscale levels from the contributions of both 

ANF and PP fibers. The improvement is plausible because 

both fibers are flexible materials and the cement specimens 

are still within the elastic region.  

• Both responses were modeled effectively using the RSM 

approach. Responses were modeled using quadratic 

formulations with model p-values less than 0.05 according to 

the ANOVA table. The lack of fit is not significant, and the 

model can be used to effectively navigate the design space 

according to the regression model summary.  

• 0.15% ANF (BWOC) and 0.09% PP fibers (BWOC) were 

considered the optimum fiber concentrations based upon the 

multi-variable and multi-objective optimization analysis. 

The experimental validation tests reaffirmed the results with 
less than 2% variation from the predicted values.  
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