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not perform well in shales and under very high temperatures. SBMs have higher initial cost but 

disposal costs can be considerably low as they are less toxic
34

. WBM is widely used in the Gulf 

of Mexico but recently, Internal Olefin (IO) SBMs with densities between 9 and 15 lb/gal have 

become the most commonly used muds in Gulf of Mexico
35, 36

. WBM’s usually contain water, 

barite, bentonite, caustic soda, and lignosulfonates. 

2.2.2 Mud Removal and Displacement Efficiency 

When a well is being drilled, there is formation of mud cake (2-5mm thick)
37

 and 

partially dehydrated gelled mud on the formation wall due to static and dynamic filtration. The 

mud cake and gelled mud are difficult to displace during well cementing and there is usually 

channeling through the mud which can eventually promote gas migration. Scratchers in 

conjunction with casing movement are usually used to remove the mud before cement placement 

but they do not remove all the mud. Displacement of mud by cement in turbulence has been 

shown to enhance mud removal but this is limited by the formation fracture pressure
3
.  Mud 

displacement efficiency is the ratio of the volume of the cement in the cemented annulus to the 

volume of the annulus. The uncemented annulus volume is filled with mud. The aim of a 

cementing operation is to completely fill the annulus with cement therefore the mud 

displacement efficiency is a quantification of the quality of the cement job. Several studies have 

shown that mud displacement efficiency varies widely depending on mud conditioning, casing 

centralization, cement-mud density difference, and flow regime
3
. Displacement efficiency values 

ranging from 37% to 99.7% have been reported in literature
12, 13

. Some of the undisplaced mud 

contaminates the cement affecting its mechanical and chemical properties. Mud contamination 

has also been identified as a major cause of cement plug failure
38-40

. 
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effective permeability of the composite core. Resin filled pores are shown as very dark gray in 

the images. The region surrounding the resin filled pores in the cement also showed density 

reduction (indicated by dark gray color). No pores were observed in the contaminated cement at 

the cement-sandstone interface of the control sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.8 Light (Optical) Microscopy 

Thin sections of the composite cores measuring about 20 µm thick were prepared and 

used for optical microscopy. The thin sections were stained for easy identification of minerals 

present as different minerals show different coloration when stained. The varied coloration can 

be used to understand the reaction processes that occurred during the flow-through experiments. 
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Figure 4.18: Back scattered electron microscopy images of 10% mud contaminated core 

showing large pores filled with resin in the cement closest to the cement-sandstone interface 

in the post core flood sample. The pre core-flood sample clearly shows absence of large pores 

(a) Pre core-flood composite core            (b) and (c) Post core-flood composite core 
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Alizarin red was used for calcite staining, therefore calcium rich regions will appear pink and 

carbonated area will appear red to purple. 

In the optical image of the pre core-flood 0% mud contaminated composite core, 

extensive pink coloration of the cement was observed as shown in Figure 4.19a. This indicates 

presence of calcium throughout the cement.  

In the post core-flood image, a 600 µm wide region of the cement with reduced calcium 

content was observed close to the cement-sandstone interface as shown in Figure 4.19b. The 

reduced calcium content is indicated by the sparse pink coloration in the region. The calcium 

reduction was the result of leaching of the cement by the injected brine. The rest of the cement 

retained high calcium content indicated by the extensive pink coloration as shown in Figure 

4.19b. The boundary between the reacted cement and neat cement is relatively sharp as could be 

seen in the image; indicating a consistent dissolution front.  

The optical image of the pre core-flood 10% mud contaminated core showed that both the 

contaminated and neat cement had extensive pink coloration as shown in Figure 4.19c. The dark 

pink coloration in the contaminated cement closest to the sandstone signified high level of 

carbonation in that region. Zones with high mud contamination were also identified within the 

contaminated cement.   

For the post core-flood image of 10% mud contaminated core, the contaminated and neat 

cement also had extensive pink coloration as shown in Figure 4.19d. A carbonated region was 

also observed close to the sandstone. Zones with high mud contamination were also identified 

within the contaminated cement. Large pores were however observed within the contaminated 

cement; one of such pores is shown in Figure 4.19d. The presence of large pores in the 

contaminated cement of the post core-flood composite core was the major alteration of the 
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composite core observed at the end of the 30-day core flood as most of the cement appeared 

unaltered.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NC 

RC 

CC NC 

III 

(a) 

(c) 

(b) 

(d) 

Figure 4.19: Optical Images of cement-sandstone composite cores. Pink coloration indicates 

areas with high calcium content and red to purple indicates carbonated areas 

(a) Pre core-flood 0% mud contaminion              (b) Post core-flood 0% mud contamination  

            (c) Pre core-flood 10% mud contamination          (d) Post core-flood 10% mud contamination  
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4.9 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)  

ICP-OES analysis was carried out to evaluate the cations present in the brine so that the 

reactions between the composite core and the injected brine could be delineated. The various 

cations analyzed and their respective concentrations are presented in Table 4.2. The cations 

present in the injected brine were first assessed to provide a base for describing the alterations in 

the flowing brine. The Ca concentration observed in the injected brine was low at 0.2484 mg/L. 

The Na and K concentrations in the injected brine were high (7110 mg/L and 314.1 mg/L 

respectively) since NaCl and KCl were used in preparing the brine.  

Table 4.2: ICP-OES analysis of influent and effluent brine samples showing the concentration of 

different cations present. The brine samples analyzed were for the 1st, 15th and 30th day of each 

flow-through experiment. 
Sample ID Analyte Comments 

 
Al Ca Fe K Mg Mn Na Si Ti S 

 

 
------------------------------------------------mg/L---------------------------------------------- 

 
 Influent  

Control 0.906 0.248 ND 314.100 0.052 ND 7110.000 0.500 ND 0.000 

All 

samples 

were 

analyzed 

after 3 

times 

dilution 

with 2.5% 

HNO3; 

Reported 

Results 

were 

corrected 

for 

Dilution 

           
 Effluent 

0% Day 1 1.102 12.030 ND 307.200 0.217 ND 7647.000 3.549 ND 0.342 

0% Day 15 1.051 14.640 ND 281.400 0.276 ND 7371.000 2.763 ND 0.495 

0% Day 30 1.052 18.150 ND 304.200 0.246 ND 7506.000 3.006 ND 0.384 

           
5% Day 1 0.972 17.760 ND 311.700 0.254 ND 7572.000 2.544 ND 0.251 

5% Day 15 1.109 15.570 ND 165.900 0.349 ND 7437.000 2.565 ND 0.133 

5% Day 30 0.956 15.570 ND 289.500 0.337 ND 7518.000 2.085 ND 0.212 

           
10% Day 1 1.218 9.978 ND 302.700 0.191 ND 7500.000 3.510 ND 0.059 

10% Day 15 0.950 14.766 ND 310.200 0.314 ND 7482.000 2.607 ND 0.119 

10% Day 30 0.990 14.985 ND 336.600 0.341 ND 7476.000 2.940 ND 0.211 

 

The Ca content of the effluent brine samples from the three flow-through experiments 

was much higher than that of the influent brine. The Ca content ranged from 9.978 to 18.15 

mg/L. The average Ca content in the effluent was therefore ~60 times that of the influent brine. 

The high Ca content in the effluent brine was due to cement leaching.  
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The K content of the effluent was generally slightly lower than the K in the influent brine 

which suggests that there was a slight net flux of K out of the brine into the cement. The Na 

concentration was slightly higher in the effluent than in the influent and this indicated that Na 

was being leached from the cement by the flowing brine. The Mg and Si concentrations in the 

effluent brine samples were also higher than those of the influent brine. The average Mg and Si 

content of the effluent brine samples were more than 5 times those of the influent brine. The Si 

content of the effluent brine samples from the contaminated and uncontaminated composite cores 

were about the same showing that the increased Si in the effluent brine samples was not 

primarily from the mud in the mud contaminated cement but rather from the sandstone. 

There was no observable difference between the amount of Al in the effluent brine 

samples and the influent brine showing that Al was not being leached from the composite core. 

The S content of the effluent brines was also higher than that of the influent brine indicating 

leaching of S by the flowing brine from the composite core.  

4.10 Discussion of Results 

4.10.1 pH Increase 

The high pH of the effluent brine from the flow-through experiments indicates that 

dissolution of cement (pH~13) was taking place during the flow-through experiments. The lower 

pH of the effluent brine of the 0% mud contamination experiment compared to the 5% and 10% 

mud contamination experiment indicates that less cement dissolution occurred during the 0% 

mud contamination experiment. When cement comes in contact with low pH brine, there is 

exchange of ions between the highly alkaline cement pore solution (pH~13) and the slightly 

acidic brine. The high alkalinity of the cement pore solution is provided by abundant Na
+
, K

+
 and 

OH
-
 ions in the solution while the brine contains Na

+
, K

+
 and Cl

-
. The influent brine slightly 
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acidified by atmospheric CO2 also contains some CO3
2-

 and HCO
3-

 ions. The incompatibility 

between the two solutions results in exchange of ions. The ion exchange is an equilibration 

process that results in the outward diffusion of OH
-
 ions from the cement pore solution to the 

leaching brine with consequent reduction in the pH of the cement pore solution. The reduction in 

the pH of the cement pore solution induces dissolution of Ca(OH)2 to supply OH
-
 to maintain 

equilibrium in the environment. The constant diffusion of OH
- 

ions into the leaching brine 

increases the pH of the brine. The neat cement in the 0% contaminated core with its low 

porosity, provided lower diffusion coefficient for ion exchange than the contaminated cement in 

the 5% and 10% contaminated cores and therefore had less cement degradation. The pH of the 

mud used in the experiments was ~12, therefore the mud contributed to the high pH of the 

effluent brine of the 5% and 10% mud contamination experiments. The large pores observed in 

the Micro-CT images show that there was significant dissolution of cement. The large pores 

present in the 5% and 10% mud contaminated cement also provided a large surface area for 

cement dissolution. The dissolution of Ca(OH)2 results in decreased pH of the cement and the 

cement thereby loses its ability to protect the casing from corrosion.  

4.10.2 Pressure Drop Increase 

Two phenomena likely contributed to pressure drop increase during the flow-through 

experiments. The first was the deposition of amorphous silica gel at the inlet of the composite 

cores. In this study, the composite cores were flooded with slightly acidic brine(pH~6.2). The 

continuation of the cement leaching process explained in section 4.10.1, would lead to total 

depletion of Ca(OH)2 leaving the C-S-H with no buffer. This induces the decalcification of C-S-

H resulting in the deposition of amorphous silica gel. The XRD diffractogram of the brown layer 

observed at the inlet of the composite core showed that it is amorphous and such brownish layer 
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has been observed by Duguid et al
23

, Rimmelé et al
75

, Kutchko et al
29

 and Cheng et al
76

 as the 

final stage of cement degradation. 

The second phenomenon that likely caused the increasing pressure drop was mobilization 

of clays in the sandstone. The resin filled large pores in the back scattered electron microscopy 

images of the post core-flood 10% mud contaminated cement showed that there was connectivity 

between the pores in the sandstone and the pores in the cement but no connectivity was observed 

among the large pores in the cement. This means that the large pores did not affect the 

permeability of the composite cores and that flow was through the sandstone. Clays were 

identified in both the XRD diffractogram and SEM images of the Berea Sandstone used. Studies 

have shown that Berea sandstone contains high proportion of non-swelling clays (e.g. kaolinite); 

the kaolinite content of Berea sandstone can be as high as 9.7%
77, 78

. When Berea sandstone 

comes in contact with fresh water (e.g. filtrate from fresh water mud), there is formation damage; 

this occurs due to the weakening of the van der Waals  attractive  forces  and  increase in the 

electrostatic  repulsive forces  between  the  pore walls and  the  clay  particles
78-80

. This results 

in mobilization of the clay particles which end up plugging the pore throats of the Berea 

Sandstone and consequently reducing the permeability of the rock. The cement-sandstone 

composite cores were cured in tap water and this resulted in disruption of the bond between the 

clay particles and the pore walls. Continuous flooding of the composite core with brine would 

have mobilized some of the clay and plugged the pore throats in the sandstone. Fines were 

however not observed in the effluent, showing that occurrence of this phenomenon was not 

extensive.  
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4.10.3 Porosity Increase 

For the 0% mud contaminated cement, the reduction in density and increase in porosity 

were caused by the leaching of Ca(OH)2 as leaching has been shown to reduce porosity in 

cement
81

. The exchange of ions between the cement pore solution and the flowing brine results 

in the dissolution of Ca(OH)2 and subsequent transport of Ca
2+

 ions out of the cement. When the 

CO3
2-

 ions supplied by the slightly acidic brine combines with the Ca
2+

 in solution, CaCO3 will 

be precipitated which tends to decrease porosity. Portlandite (33.1 cc/mol) occupies less volume 

than calcite (36.9 cc/mol)
25

 but since the volume of CO2 in the brine was small, the amount of 

calcite precipitated was not significant. The porosity of the neat cement was found to be 0.02% 

while the porosity of the leached cement was found to be 6.67%. The presence of well-defined 

dissolution front in the cement shows that there was instantaneous dissolution of Ca(OH)2 to 

maintain local equilibrium
82

. The leaching rate was dominated by the diffusion rate of ions since 

the diffusion rate was much slower than the rate of Ca(OH)2 dissolution
82

. The depth of leaching 

into the cement is usually estimated using Fick’s second law of diffusion with the conditions that 

there is presence of unaltered cement zone and that the injected brine is of constant 

composition
19, 29, 82

 

L = c . √  

where L=leaching depth, t =leaching duration and c is the diffusion coefficient of ions through 

the cement matrix which depends on the composition of the cement and the environment in 

which the cement is placed. The value of c varies with cement permeability, porosity, tortuosity 

and composition
29

. It is also dependent on the chemical composition of the leaching brine
19

. The 

leaching depth observed for the 0% mud contamination experiment was ~950 µm. This was 
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close to the 1.4 mm in 3 months and <2 mm in one month observed by Mainguy et al
82

 and Yang 

et al
19

 respectively for 0.4 w/c cement pastes.  

In the 10% mud contaminated cement, the porosity of the pre core-flood contaminated 

cement was 0.65% while the neat cement porosity was 0.02%. The pre core-flood porosity in the 

contaminated cement was more pronounced in areas with high mud contamination levels. After 

the core-flood, the porosity of the contaminated cement increased to 12.53%, showing extensive 

dissolution of the cement. The large pores created in the contaminated cement were caused by 

preferential dissolution of highly contaminated areas of the cement. The high pre-core flood 

porosity and the presence of NaOH (NaOH was added to the mud) in the highly contaminated 

areas resulted in the preferential dissolution of those regions. The high porosity resulted in faster 

ion diffusion between the cement and the brine when compared with the other sections of the 

cement that had lower porosity. Also, the solubility of NaOH in water is much higher than the 

solubility of Ca(OH)2, while leads to faster dissolution of the cement areas with high NaOH 

concentration. Leaching was however observed in areas surrounding the large pores; this shows 

that when the highly contaminated cement was extensively dissolved, the flowing brine started 

leaching the surrounding cement. In the long term, this may lead to interconnectivity of the large 

pores and loss of zonal isolation would occur. 

In most areas of the 5% mud contaminated cement, the dissolution pattern was similar to 

the dissolution pattern observed in the 0% mud contamination. Apart from a few large pores, 

there was uniform dissolution of the cement. This is likely due to the lower volume of mud 

present in the cement to provide adequate preferential dissolution zones in the cement. The 

porosity of the pre core-flood contaminated cement was 0.1% while the neat cement porosity 
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was 0.02%. After the core-flood, the porosity of the leached zone was 8.77% while the porosity 

of the neat cement remained 0.02%. 

4.10.4 Summary of Observations 

Results from the various analysis techniques employed in the study were integrated to 

obtain a holistic description of the alterations at the cement-sandstone interface in each of the 

three different composite cores at the end of the 30-day flow-through experiments. 

 For the 0% mud contaminated composite core, the injected brine leached the Ca(OH)2 in 

the cement up to a depth of ~950 µm. There was uniform degradation of the cement with a 

distinct dissolution front as shown in Figure 4.20a. The leaching depth was similar to that 

observed in other studies where the leaching depth was found to increase with the square root of 

time
19, 82

. The dissolution of the cement increased the porosity of the cement close to the cement-

sandstone interface from 0.02% to 6.67% as shown in Tables 4.1, 4.2 and 4.3. Depletion of 

Ca(OH)2 in cement reduces cement’s ability to protect the casing from corrosive environments. 

At the end of the 30-day core flood, the cement would still be able to provide zonal isolation 

since a good bond was still established between the cement and the rock.  

Apart from few large pores present, fairly uniform degradation was observed in the 

contaminated cement of the 5% mud contaminated composite core. The dissolution front was 

about 850 µm from the contaminated cement-sandstone interface as shown in Figure 4.20b. This 

is slightly lower than the leaching depth observed in the 0% contamination experiment. The 

highly contaminated zones in the contaminated cement likely slowed down the progression of 

the leaching front as they provided preferrential dissolution regions. The dissolution of the 

cement increased the porosity of the contaminated cement from 0.1% to as much as 8.77% as 

shown in Tables 4.1, 4.2 and 4.3. The large pores present in the contaminated cement may  
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 (b) 5% mud contaminated composite core  

Few large pores were observed in the 

contaminated cement. The dissolution front was 

about 850 µm from the contaminated cement-

sandstone interface. The highly contaminated 

zones in the contaminated cement likely slowed 

down the leaching front as they provided 

preferrential dissolution regions. The large pores 

present in the contaminated cement may reduce 

the mechanical integrity of the cement-sandstone 

interface. The cement would still provide zonal 

isolation as the large pores are few and not 

connected.  

(c) 10% mud contaminated composite core  

Large pores were observed in the contaminated 

cement. There was no clear dissolution front as 

the dissolution of cement extended with the 

depth of the highly contaminated cement areas. 

Leaching of areas around the large pores was 

also observed. The numerous large pores would 

reduce the mechanical integrity of the cement-

sandstone interface. Continued dissolution of the 

cement surrounding the large pores may connect 

the pores and create a pathway for fluid 

migration.  

  

Figure 4.20. Schematics of typical axial slices of the Micro-CT images of the  

interface-evaluation mini cores at the end of the flow-through experiments. 

~950 µm 

~850 µm 

(a) 0% mud contaminated composite core       

The injected brine leached the Ca(OH)2 in the 

cement up to a depth of ~950 µm. There was 

uniform degradation of the cement with a distinct 

dissolution front as shown in Figure 4.20a. The 

leaching of Ca(OH)2 reduces cement’s ability to 

protect the casing from corrosive environments. At 

the end of the 30-day core flood, the cement would 

still be able to provide zonal isolation since a good 

bond was still established between the cement and 

the rock. 
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reduce the mechanical integrity of the cement-sandstone interface. The cement would still 

provide zonal isolation as the large pores were few and not connected.  

Large pores were observed in the contaminated cement of the 10% mud contaminated 

composite core as shown in Figure 4.20c. There was no clear dissolution front as the dissolution 

of cement extended with the depth of the highly contaminated cement areas. Leaching of areas 

around the large pores was also observed. The dissolution of the cement increased the porosity of 

the contaminated cement from 0.65% to as much as 12.53% as shown in Tables 4.1, 4.2 and 4.3.  

Table 4.3: Pre core-flood porosity of cement in the composite cores. 

 Cement-evaluation mini 

core 

Interface-evaluation mini 

Core 

Neat 

Cement 

Contaminated 

Cement 

Neat 

Cement 

Contaminated 

Cement 

0% mud 

contamination 
0.02% N/A 0.02% N/A 

5% mud 

contamination 
0.02% 0.1% 0.02% 0.1% 

10% mud 

contamination 
0.02% 0.65% 0.02% 0.65% 

 

Table 4.4: Post core-flood porosity of the cement at the inlet of the composite cores.  

 Cement-evaluation mini core Interface Evaluation mini 

core 

Neat 

Cement 

Leached Cement Neat 

Cement 

Leached 

Cement 

0% mud 

contamination 
0.02% 6.67% 0.02% 6.67% 

5% mud 

contamination 
0.02% 6.85% & 7.06%* 0.02% 7.92% 

10% mud 

contamination 
0.02% 5.85% 0.02% 12.53% 

*Two values were presented because the dissolution front progressed beyond the contaminated 

cement into the neat cement. The lower value was the porosity of leached neat cement while the 

higher value was the porosity of leached contaminated cement. 
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Table 4.5: Post core-flood porosity of the cement at the outlet of the composite cores. 

 

Cement-evaluation mini 

core 

Interface-evaluation mini 

core 

Neat 

Cement 

Leached 

Cement 

Neat 

Cement 

Leached 

Cement 

0% mud 

contamination 
0.02% 6.67% 0.02% 6.67% 

5% mud 

contamination 
0.02% 6.85% 0.02% 8.77% 

10% mud 

contamination 
0.02% 12.53% 0.02% 12.53% 

 

At the end of the 30-day core-flood, the dissolution pattern left a large area of the cement 

unaltered thereby retaning cement’s ability to protect the casing from corrosion. The numerous 

large pores would however reduce the mechanical integrity of the cement-sandstone interface 

and increase the likelihood of mechanical failure of the interface under stress and strain. 

Continued dissolution of the cement surrounding the large pores may connect the pores and 

create a fluid migration path.  
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions from the Experimental Findings 

Three flow-through experiments were conducted to assess the effect of drilling fluid 

contamination on the integrity of a cement-formation interface using 1 inch by 12 inch cement-

sandstone composite cores (half cylinder cement, half cylinder sandstone). One composite core 

had no contaminated layer and each of the other two composite cores had a (~1.27 mm 

thickness) layer of contaminated cement with 5% or 10% mud contamination by volume. Each 

composite core was used for a 30-day flow-through experiment and subsequently characterized 

to evaluate the alterations that occurred during the experiment.  The first objective of the study 

was to assess the effect of drilling fluid contamination of cement on its ability to provide zonal 

isolation. The second objective was to investigate the physicochemical alterations at the cement-

formation interface to understand the mechanism and kinetics of the alteration process. 

At the end of the study the following conclusions were made: 

 Dissolution of the cement by the flowing brine as determined from the pH measurements, 

microscopy images, tomography images, and calculated image based porosity, was the 

driving mechanism of degradation at cement-formation interface. The leaching of cement 

(primarily of Ca
2+

) is due to the pH incompatibility between the composite core fractions 

(cement pH ~13 and mud pH ~12) and brine pH ~6.2.  

 Porosity of the cement adjacent to the formation is increased by the leaching process and 

presence of mud contamination catalyzes cement dissolution. The large pores created by 

the preferential dissolution of the highly contaminated zones of the contaminated cement 

consequently provide large reactive surface areas for further dissolution. 
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APPENDIX 

Additional ICP-OES data 

 

Table: ICP-OES analysis of influent and effluent brine samples showing the concentration of 

different cations present. The brine samples analyzed were for the 1st, 15th and 30th day of each 

flow-through experiment. The additional ICP analysis was carried out to validate the initial ICP-

OES carried out during the study. The purple color represents values that are below confidence 

limits. 

 

 

 

 

 

 

 

 

Sample ID Analyte 

 Ca Fe K Li Mg Mn Na B Al Sr 

 mg/L 

 Influent 

Control -0.017 0.119 193.985 0.015 0.034 -0.003 7450.000 -0.041 -0.035 0.069 

                      

 Effluent 

0% Day 1 15.716 0.052 208.985 0.018 0.222 -0.011 7880.000 0.596 0.277 0.328 

0% Day 15 21.016 0.012 191.985 0.005 0.260 -0.035 7950.000 0.295 0.040 0.209 

0% Day 30 19.716 0.031 198.985 0.004 0.230 -0.029 7970.000 0.345 0.173 0.210 

                      

5% Day 1 19.316 0.026 212.985 0.012 0.262 -0.020 8070.000 0.181 -0.123 0.295 

5% Day 15 16.516 0.006 229.985 0.003 0.374 -0.020 7890.000 0.028 -0.060 0.235 

5% Day 30 15.916 0.025 182.985 0.013 0.323 -0.005 7790.000 0.035 -0.034 0.282 

                      

10% Day 1 11.716 0.081 205.985 0.021 0.175 -0.021 7900.000 0.641 0.238 0.247 

10% Day 15 15.416 0.013 203.985 0.019 0.327 -0.027 7790.000 -0.017 0.133 0.092 

10% Day 30 16.516 0.020 101.985 0.010 0.373 -0.014 7830.000 -0.022 0.141 0.083 
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