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ABSTRACT: For Chromium Ore Processing Residue (COPR), a byproduct of the historical processing of chromite ore, accurate Soil 
Water Characteristic Curves (SWCC) are required to model the unsaturated transport of hexavalent chromium (including capillary-
induced migration) and to explain the mechanisms of COPR weathering in the vadose zone. In this study, SWCCs were measured 
using a combination of hanging columns, pressure plates, and a chilled-mirror hygrometer for two forms of COPR:  unweathered, 
gray-black (GB) and weathered, hard-brown (HB) COPR. During testing under suction, GB COPR (which was first ground to < 0.08 
mm) transformed to HB COPR by hydration reactions. After testing, the specific gravity, Gs, of ground GB COPR had decreased 
from 3.3 to 2.8, and the fraction of hydrated minerals (calcium aluminum chromium oxide hydrate and layered double hydroxides) 
increased with a corresponding decrease in brownmillerite (from 42% brownmillerite to 10%, on average). Changes in the micro and 
macro structure of COPR resulted in changes in the shape of the SWCC. In this study, bimodal SWCCs for GB COPR are developed 
that represent the sequential draining of macro- and then micro-pores. The relationship between degree of hydration and the van 
Genuchten model parameter was evaluated based on these results. 

RÉSUMÉ : Pour le système de couverture des résidus de traitement du minerai de chrome (COPR), la courbe caractéristique de l'eau du 
sol du COPR est nécessaire pour modéliser le transport non saturé du chrome hexavalent (y compris la migration induite par capillarité) et 
pour comprendre le mécanisme de l'intempéries COPR La zone vadose. Dans cette étude, on a mesuré les SWCC à l'aide d'une 
combinaison de colonnes suspendues, de plaques de pression et d'un hygromètre à miroir refroidi pour deux résidus de traitement du 
minerai de chrome, COPR (non épuré, gris-noir, GB, COPR), un sous-produit du traitement historique du minerai de chromite. Au cours 
de l'essai, le COPR de GB a été broyé à <0,08 mm transformé en HB COPR par des réactions d'hydratation pendant que les essais ont été 
réalisés sous aspiration. Après la mise à l'essai du COPR GB au sol, les Gs ont diminué de 3,3 à 2,8, et la fraction de minéraux hydratés 
(oxyde de chrome, oxyde de chrome et hydroxydes double couche) a augmenté avec une diminution correspondante de brownmillerite 
(de 42% de brownmillerite totale à 10% de brownmillerite total , en moyenne). Les changements dans la taille des grains du COPR ont 
non seulement entraîné la transformation du matériau, mais ont également entraîné des changements dans la forme du SWCC. Les COBs 
bimodaux pour GB COPR ont été développés en raison du drainage séquentiel de macro puis de micropores, tandis que le broyage 
(granulométrie <0,08 mm) a entraîné une transformation minérale, une cémentation et une microporosité accrue, créant seulement des 
micropores. La relation entre le degré d'hydratation et les paramètres du modèle de Van Censchung de la modélisation Bimodal SWCC a 
été évaluée sur la base des résultats des tests. 
KEYWORDS: Chromium ore processing residue (COPR), SWCC, grain size, hydration, porosity. 

 
1  INTRODUCTION 

Chromium Ore Processing Residue (COPR) is the by-product 
or residual from the processing of chromite ore to produce 
chromate. Unweathered COPR, typically a granular material, 
was historically used as fill in construction, berm construction, 
and wetlands in New Jersey and Maryland. However, COPR is 
highly alkaline (pH > 12) and contains both trivalent, Cr(III), 
and hexavalent chromium, Cr(VI) (Tinjum et al., 2008). 
Hexavalent chromium is a known lung carcinogen and is toxic 
through oral and dermal exposure. Because Cr(VI) is mobile in 
alkaline environments, the transport of Cr(VI) to the surface 
where humans may be exposed to Cr(VI)-bearing dust is an 
important area of study. To prevent Cr(VI) from migrating to 
the surface, composite asphalt caps were installed at 
approximately 30 COPR-fill sites in New Jersey as interim 
remedial measures (Henry et al., 2007). 

In cases where COPR is found above the water table, the 
unsaturated properties of COPR are required to determine 
mechanisms of moisture migration through the COPR layer. As 

the groundwater table fluctuates vertically through COPR, 
Cr(VI) can leach from COPR and reach the surface if the height 
of capillary rise is greater than the height from the water table 
to the surface, especially if capillary rise is equal to or less than 
the air-entry value, ψa (Asmundson, 2010; Rhoades et al., 2016). 
Using the unsaturated properties of COPR, cover systems can 
be modeled, especially the effectiveness of vadose covers or 
asphalt cap covers.  

To realistically model the transport of Cr to the surface 
through the vadose zone in desiging vadose covers or asphalt 
cap cover systems, the unsaturated properties of COPR, 
including the relationship between suction, ψ, and water content, 
θ, are required. Therefore, soil water characteristic curves 
(SWCCs) that relate suction and water content can be used to 
evaluate the effectiveness of the cover system. COPR existing 
in the vadose zone may be subjected to wet/dry cycling and can 
undergo mineralogical changes, transforming fresh COPR (gray 
black, GB) to hydrated COPR (hard brown, HB). However, for 
GB COPR only, Henry et al. (2007) have reported on SWCCs 
for COPR.  
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 Therefore, the objectives of this paper are to evaluate the 
unsaturated properties of GB and HB COPR by analyzing 
SWCCs. GB and HB COPR were characterized in terms of the 
mineral composition, particle size, and specific gravity. The 
differences between the two COPRs were evaluated. The 
SWCCs were measured by conducting a combination of 
hanging columns, pressure plates, and a chilled-mirror 
hygrometer for the two COPRs. Based on the results of the tests, 
the effect of hydration on the water retention characteristics of 
the COPR was investigated. Two existing models—van 
Genuchten (1980) and Brooks and Corey models (1964) —were 
used to fit the data. The relationship between the degree of 
hydration and the van Genuchten model parameter of SWCC 
was evaluated.   

 
2. MATERIALS   
 

GB and HB COPRs were obtained from a site in the mid-
Atlantic region of the United States. Samples of COPR were 
obtained from a trench (GB from 2.4 to 3.4 m below ground 
surface, HB from 1.9 to 2.4 m below ground surface, water 
table 2.2 m below ground surface). Grab samples of GB COPR 
(as sampled water content 20–30%) were placed in buckets. 
Physical properties of the COPR were determined by grain-size 
distribution (ASTM D6913) and specific gravity (ASTM D854). 
GB COPR with particle size >12.7 mm was scalped to avoid 
scaling problems since the height of the retaining ring was 25 
mm (ASTM D 6836). GB COPR is a poorly graded sand 
according to the Unified Soil Classification System (USCS). 
HB COPR is generally found at or around the water table and 
has been converted from the GB form through weathering and 
hydration reactions in the unsaturated zone. HB COPR cannot 
reasonably be classified according to USCS because of 
cementation (Tinjum et al., 2008). Mineralogical analysis was 
conducted for 20 of GB and 9 of HB samples by quantitatively 
identifying COPR by X-ray diffraction (XRD). GB and HB 
COPR were tested at both the as-sampled grain size and ground 
to passing the #200 sieve (P200) (particle size < 0.08 mm) by a 
Retsch® SR200 grinder. 

 
3. METHODS  

 
A SWCC is a function of volumetric water content (θ) and 

suction (ψ) measured from a hanging column (0 ≤ ψ ≤ 35 kPa), 
pressure plate (0 ≤ ψ ≤ 550 kPa), or a chilled-mirror hygrometer 
(500 kPa ≤ ψ ≤ 80 MPa) (ASTM D 6836). The two most 
popular fits to SWCC data are the Brooks and Corey (1964) and 
van Genuchten (1980) models. The Brooks and Corey equation 
is more suited for undisturbed samples and tends to have a poor 
fit near saturation and a discontinuous slope, while the van 
Genuchten equation is a sigmoidal fitting equation (van 
Genuchten, 1980). The Brooks-Corey equation can be written 
as: 
 = = 	 	 	 	 	 ≥ 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (1) 

 = 1	 	 	 	 	 < 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (2) 
 
where  is normalized volumetric water content, r is residual 
water content, s is saturated water content, a is air entry 
suction, and  is the pore size distribution index. The van 
Genuchten equation can be written as: 

 = ( ) 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (3) 

 
where α, n, and m are the model parameters.  

Specimens prepared for the hanging column or pressure plate 
were compacted in rings with a 73-mm diameter and 25-mm 
height. Dry density calculations determined the mass of COPR 
to place in the ring. P200 samples (particle size <0.08 mm) 
were air dried to allow for easier grinding and sieving, but were 
moisture conditioned back to natural moisture content (~20.0%) 
before being compacted into the rings. Samples from the 
buckets were compacted at the as-received moisture content 
(20– 30%).  Specimens were then vacuum saturated in deaired 
water with one bar of vacuum. The intact HB specimen was 
trimmed with a screwdriver and hammer to fit into the retaining 
ring due to the lithified (i.e., cemented) nature of HB COPR. 

A total 11 SWCCs were measured for COPR (5 GB COPR, 4 
P200 GB COPR, 1 HB COPR, 1 P200 HB COPR). Vacuum 
saturation time varied from no saturation to 4 d saturation. GB 
saturation times were no saturation (1 test), 6-h saturation (2 
tests), and 4-d saturation (2 tests). GB P200 saturation times 
were 6-h saturation (3 tests) and 4-d saturation (1 test). The HB 
and P200 HB were saturated for 4 d. Specimens generally 
began in the hanging column before being transferred to the 
pressure plate, and then the chilled-mirror hygrometer.   

Physical and mineralogical analyses were conducted after 
pressure plate testing, unless only a hanging column was used, 
in which case physical and mineralogical analyses were 
conducted after the hanging column test. Specific gravity was 
measured to determine if transformation from GB to HB COPR 
occurred, since transformation of GB to HB COPR is marked 
by a decrease in Gs (Millspaugh et al., 2010).  

4. RESULTS AND DISCUSSIONS  

4.1    Minerals of COPR 
 

Table 1 shows specific gravity and mineralogical analyses 
prior to unsaturated COPR testing. The main crystalline 
minerals present in COPR following the high-temperature 
oxidation of chromite ore are brownmillerite (Ca2FeAlO5), 
periclase (MgO), and hydration products including hydrogarnet, 
AFm phases (Al2O3-Fe2O3-mono), brucite, calcite, and chromite. 
 
Table 1. Mineralogical properties of GB and HB COPR. 

Name Chemical Formula Gs 
GB COPRa HB COPRb 

% σ % σ 

Brownmillerite Ca2(Fe,Al)O5 3.76 42 3.0 0.0 0 

Hydrogarnet Ca3Al2(OH)12 2.96 9 2.2 16 7.1

Portlandite Ca(OH)2 2.23 1.6 2.3 0.0 0.0

Periclase MgO 3.78 1.9 0.3 0.0 0.0

Brucite Mg(OH)2 2.39 1.8 0.5 3.1 1.1

Calcite CaCO3 2.71 1.9 1.10 0.4 1.1

Hydrotalcite Mg6Al2(OH)18·4.5H2O 2.06 3.6 2.0 17 5.5

CAC Ca4Al2O6(CrO4)·nH2O 1.33 6.1 1.7 12 9.2

Amorphous 
 

31 2.8 49 16 

Total 98 2.8 98 16 

a Average of 20 samples 
b Average of 9 samples 

 
GB COPR and HB COPR contain the same suite of minerals, 
but COPR deposits vary greatly in the advancement of parent 
mineral hydration and thus the relative percentages of minerals 
in COPR vary widely. HB COPR contains increased hydration 
products and brownmillerite is reduced (by percent mass) as 
compared to GB COPR. HB COPR has decreased 
brownmillerite content (<10% compared to GB COPR > 60%), 
that has transitioned into three main pozzolanic products: 
hydrogarnets such as katoite (CaO)3Al2O3(H2O)6), hydrotalcites 
(Al2Mg6(OH)184.5(H2O)), and calcium aluminum chromium 
oxide hydrates (CACs, Ca4Al2O6(CrO4)�nH2O, n=9, 12, 14). 
Ettringite (Ca6Al2(SO4)3(OH)12�26H2O), a swell-causing 
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  mineral, can also be present in higher quantities in HB COPR 
due to the influx of sulfate-rich groundwater.     
 
4.2    Soil water characteristic curve of COPR 
 

Figure 1 shows two typical SWCCs with van Genuchten and 
Brooks-Corey models (Eq. 1, 2, and 3) fitted by minimizing the 
mean squared error (MSE). When the data obtained from 
SWCC tests is a bimodal curve, both the Brooks-Corey and van 
Genuchten models were used. In this case, the van Genuchten 
model fits the first curve and the Brooks-Corey model fits the 
second curve to minimize the MSE. The van Genuchten model 
for the P200 HB was good (MSE = 3.5×10-4). The van 
Genuchten and Brooks-Corey models for the GB SWCC data 
were also good (van Genuchten MSE = 3.5 × 10-5, Brooks-
Corey MSE = 6.0 × 10-3). The van Genuchten model for the 
P200 HB does not match the higher suction ( > 1000 kPa) 
data as well as the Brooks-Corey model for the GB COPR.  

Figure 1. Typical van Genuchten and Brooks-Corey fit to WRC data 
using minimization of mean squared error (MSE). where vG = the van 
Genuchten model, B-C = the Brooks-Corey model  
 

Model parameters (, n, m, r, s, a, and ) for SWCCs are 
displayed in Table 2. The van Genuchten n for the GB COPR 
matches the  obtained if a pedotransfer function (PTF) is used. 
A PTF is used to estimate a SWCC using the van Genuchten 
parameters and effective grain sizes. The PTF follows the tested 
SWCC to the a and then starts to diverge as additional suction 
beyond the a is applied. Since the PTF is based on effective 
grain sizes, the slope of the SWCC is steep since GB COPR, 
which is classified as a poorly-graded sand, is uniform (Cu = 
3.2). Since the pore distribution is limited, all the pores will 
drain over a small range of suction after a. However, the GB 
COPR tested did not follow the predicted SWCC based on 
grain-size distribution. After the a was reached, the largest 
pores drained, but then the SWCC leveled out until a ψ of 
nearly 400 kPa, when there was a second a and the next 
largest pores drained. 

The SWCC can also be used to estimate bound water. The r, 
or suction at which no more water can be drained from the 
pores, can be considered as the bound water because even with 
additional suction, water is not removed. The P200 HB COPR 
has the highest percentage of residual water (~27%) while the 
P200 GB COPR has the second highest percentage of residual 
water (~21%), another indication that grinding the samples 
increases hydration reactions that tend to isolate pores. The Gs 

study by Millspaugh et al. (2010) showed that unground GB 
COPR is approximately 6.2% (by volume) isolated pores. The 
GB and HB SWCCs show r tending towards zero. Because 
these specimens already contained bound water that could not 
be accounted for prior to testing, s does not include any 
previously bound water. 

Table 2. SWCC fitting parameters using the van Genuchten and 
Brooks-Corey models. 

 Van Genuchten model Brooks-Corey model 

SWCC s r 
  

(kPa-1) 
n m s r 

a 

(kPa) 


GB 0.52 0.42 0.48 3.4 0.70 0.42 0.0 380 0.5 
P200 
GB 

0.56 0.12 0.0006 2.6 0.61 - - - - 

HB 0.53 0.37 0.44 7.7 0.87 0.37 0.08 400 0.43
P200 
HB 

0.64 0.17 0.0022 3.4 0.70 - - - - 

 
4.3    Saturation time 
 

Saturation time affected the shape of the SWCC for unground 
COPR. The changes in SWCC results for different saturation 
times for unground COPR may imply saturation under vacuum 
( ~ 100 kPa) causes changes in COPR. Figure 2 shows SWCC 
results for GB with no saturation compared to a 6-h and 4-d 
vacuum saturation. The first a for all tests is approximately the 
same (a ~ 1 kPa). The GB COPR with no saturation shows 

only a single a. A second a occur with higher suction due to 
the microporosity, but lower  than the 6-h or 4-d saturation, as 
shown in Fig. 2.    

Figure 2. SWCC for GB COPR with different saturation times. No
 vacuum saturation GB COPR ends at approximately 30 kPa beca
use specimen was only tested in a hanging column.   
 

The second a for the 6 hr and 4 d saturations specimens are 
approximately the same (a = 375 kPa), but the  at which the 
second a is measured differs. The second a for the 6 hr 

saturation specimen occurs at  = 0.42, while the second a for 
the 4 d saturation specimen occurs at  = 0.34. A lower  for 
the second a in the 4 d saturation specimen is different than 
would be expected. A longer saturation time should allow for 
more water to enter into the micropores, therefore locking more 
water in the microstructure. However, the 4 d specimen had a 
higher porosity (0.55 vs. 0.52), which could have resulted in 
more macropores and more water being released.  

Vacuum saturation time affected the mineralogical change in 
P200 GB material. Brownmillerite is almost depleted (3%) in 
the GB P200 4-d saturated specimen, whereas brownmillerite 
content ranged from 5.8% to 22.1% for the 6-h saturated 
specimens. While Gs was similar for the four specimens, Gs was 
lowest in the 4-d saturated specimen (Gs = 2.75) compared to 6-
h saturation (average Gs = 2.85, standard deviation,  = 0.04). A 
longer vacuum saturation time may have allowed more 
hydration reactions to occur, thus increasing the percent of 
hydrated minerals and lowering the Gs.  
 
4.4    Effect of grain size 
 

Grain size reduction (i.e., increase of reactive surface area) 
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 influenced transformation from GB to HB COPR through 
SWCC testing (Table 3). A total of five non-ground GB COPR 
specimens and four ground (grain size < 0.08 mm) specimens 
were tested. Specific gravity changed significantly (change in 
Gs > 2) for the unground COPR specimens after SWCC 
testing.  The average Gs for unground GB COPR was 3.17 ( 
= 0.02), which is within the range reported by others for GB 
COPR. The Gs for the ground COPR specimens after SWCC 
testing averaged 2.82 ( = 0.06), which is also within the range 
reported for HB COPR by Millspaugh et al. (2010). A decrease 
in Gs implies hydration reactions are occurring (decrease in 
brownmillerite with increase in hydrated minerals), converting 
GB COPR to HB COPR. 

 
Table 3. XRD results from WRC.  Grinding GB resulted in decreased  
Gs, decreased brownmillerite, and increased hydrated minerals. 

 GB P200 GB HB P200 
HB 

No. of Samples 5 4 1 1 
Gs 3.17 0.02 2.82 0.06 2.79 2.59 

 % σ (SD) % σ (SD) % % 

Brownmillerite 25 2.7 9.8 8.8 0.0 0.0 
Hydrogarnet 11 3.5 19 22 25 24 

Periclase 3.6 1.7 2.6 3.4 0.0 0.0 
Brucite 0.8 1.1 0.0 0.0 2.1 0.0 
Calcite 5.0 3.1 0.8 0.9 9.0 9.4 

Hydrotalcite 0.9 1.2 9.8 8.3 13.4 5.3 
CAC 7.1 10 4.0 5.6 0.0 15 

Amorphous 44 9.1 67 3.2 59 45 
Crystalline 56 9.1 33 3.2 41 55 

 
The decrease in Gs from GB to HB COPR can be associated 

with the decrease in brownmillerite (Gs = 3.76) and increase in 
hydrated minerals such as hydrogarnet (Gs = 2.96) and 
hydrotalcite (Gs = 2.06). Even though there was not a 
significant change in specific gravity (average Gs unground < 
2 from Gs for GB COPR) for unground specimens, 
brownmillerite significantly decreased (brownmillerite from 42% 
(with  = 3) to 25%, on average). This suggests that, even 
though transformation cannot be seen physically or 
mineralogically, unground SWCC specimens are transforming 
under unsaturated conditions. 

Specific gravity changed between HB and ground HB 
specimens (2.79 to 2.59) after SWCC testing, suggesting that 
even though transformation from GB to HB COPR had 
previously occurred in situ, reaction progress was not 
completed. The specimens are similar mineralogically, with the 
exception that the P200 HB specimen had increased CAC (15%) 
compared to undetectable amounts present in the intact HB 
COPR. The Gs of CAC is 1.33, which could account for the 
decrease in Gs. One reason there may be increased CAC, and 
subsequently lower Gs, in the P200 HB specimen, is that during 
grinding of HB COPR, excess Cr(VI) may mobilize and convert 
to CACs.  

 
4.5    Relationship between degree of hydration and model 
parameter 

 
Figure 3 shows the relationship between the averages of the 

parameter α for the van Genutchen model and the amount of 
brownmillerite. The α related to a presents the unsaturated 
properties obtained from the SWCC of various COPRs. The 
brownmillerite presents the degree of hydration of the COPRs. 
As brownmillerite content in the GB COPR increases, α 
significantly increases, which means the a of the SWCCs 
gradually increases. This is because the hydration leads to 
reduce macropores in the COPRs and hence, to increase the a. 
Also, the grounding condition influences the hydration. 
However, in the HB COPR, brownmillerite does not influence 
on the variation of the α because the HB COPR is already 

hydrated. The α of HB COPR was not significantly influenced 
by grounding.           

Figure 3. Relationship between the average values of the van Gen
uchten model parameter α and the amount of the brownmillerite in 
four COPRs. 

 
5. CONCLUSION 
 

In this study, SWCCs were measured using a combination of 
hanging columns, pressure plates, and a chilled mirror 
hygrometer for two forms of chromium ore processing residue, 
COPR: unweathered, gray-black (GB) COPR and weathered, 
hard-brown (HB) COPR. After the testing of ground GB COPR, 
Gs decreased from 3.3 to 2.8, and the fraction of hydrated 
minerals (calcium aluminum chromium oxide hydrate and 
layered double hydroxides) increased with a corresponding 
decrease in brownmillerite (from 42% total brownmillerite to 
10% total brownmillerite, on average). Changes in grain size of 
COPR not only caused transformation of the material, but also 
resulted in changes in the shape of the SWCC. Bimodal 
SWCCs for GB COPR were developed due to the sequential 
draining of macro- and micro-pores, while grinding (particle 
size < 0.08 mm) resulted in mineral transformation, 
cementation, and increased micro-porosity, creating a matrix 
with only micropores. The degree of hydration and the van 
Genuchten model parameter α was strongly correlated. 

6. ACKNOWLEDGEMENTS 

Funding for this study was provided by Honeywell International 
Inc. The views expressed in this study are solely the views of 
the authors and not necessarily those of the sponsor.   

 
7. REFERENCES 
 
Asmundson, K.A. 2010. Unsaturated behavior of chromium ore 

processing residue. M.S. thesis, Department of Civil and 
Environmental Engineering, The University of Wisconsin-Madison, 
Madison, Wisc. 

Brooks, R. and Corey, A. (1964). “Hydraulic properties of porous 
media.” Hydrol. Pap. 3, Colo. State Univ., Fort Collins. 

Henry, K.S., Petura, J.C., Brooks, S., Dentico, S., Kessel, S.A., Harris, 
M (2007). “Preventing surface deposition of chromium with 
asphalt caps at chromite ore processing residue sites: a case study.” 
Can. Geotech. J., 44, 814−839.   

Millspaugh, A.M., Tinjum, J.M., and Boecher, T.A. (2010). “Specific 
gravity of expansive chromium ore processing residue with 
complex microstructure.” Geotech. Test. J., 33(4), 7. 

Rhohades, K.A., Eun, J., Tinjum, J. M., (2016). “Transport of 
hexavalent chromium in the vadose zone by capillary and 
evaporative transport from chromium ore processing residue.” Can. 
Geotech. J., 53(4): 619-633, 10.1139/cgj-2015-0010 

Tinjum, J.M., Benson, C.H., and Edil, T.B. (2008). “Treatment of Cr(VI) 
in COPR using ferrous sulfate-sulfuric acid or cationic 
polysulfides.” J. Geotech. Geoenviron. Eng., 134(12), 1791−1803. 

    GB, P200 GB 

    HB, P200 HB 

- 1144 -



  Technical Committee 106 / Comité technique 106 

  van Genuchten, M.T. (1980). “A closed form equation for predicting 
hydraulic conductivity of unsaturated soils.” Soil Sci. Soc. Am. J., 
44, 892−898.     

  

- 1145 -



- 1146 -


	Return
	Print

