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Steel slag is a byproduct of iron and steel production by the metallurgical industries. 

Annually, 21 million tons of steel slag is produced in the United States. Most of the 

slag is landfilled, which represents a significant economic loss and a waste of valuable 

land space. Steel slag has great potential for the construction of highway embankments; 

however, its use has been limited due to its high swelling potential and alkalinity. The 

swelling potential of steel slags may lead to deterioration of the structural stability of 

highways, and high alkalinity poses an environmental challenge as it affects the 

leaching behavior of trace metals. This study seeks a methodology that promotes the 

use of steel slag in highway embankments by minimizing these two main 

disadvantages. 

Accelerated swelling tests were conducted to evaluate the swelling behavior of pure 

steel slag and water treatment residual (WTR) treated steel slag, where WTR is an 



  

alum-rich by-product of drinking water treatment plants. Sequential batch tests and 

column leach tests, as well as two different numerical analyses, UMDSurf and 

WiscLEACH, were carried out to check the environmental suitability of the methods. 

Tests were conducted to study the effect of a common borrow fill material that 

encapsulated the slag in the embankment and the effects of two subgrade soils on the 

chemical properties of slag leachate. 

The results indicated that an increase in WTR content in the steel slag-WTR mixtures 

yields a decrease in pH and most of the leached metal concentrations, except aluminum. 

The change in the levels of pH, after passing through encapsulation and subgrade, 

depends on the natural pHs of materials. 
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1 INTRODUCTION 

The American Society of Civil Engineers estimates that $2.2 trillion is needed over a 

five-year period to improve the nation’s infrastructure.  Establishing a long-term 

development and maintenance plan is a national priority.  Part of this long-term plan 

involves evaluating the large volumes of earthen materials that are used in 

transportation infrastructure construction. In many cases, these materials can be fully 

or partially replaced with suitable recycled materials that are normally disposed in 

landfills. This change could generate millions of dollars in savings to taxpayers. For 

instance, steel slag is a material that the Maryland State Highway Administration 

(SHA) has expressed an increasing interest in.  Steel slag is produced during the 

separation of molten steel from impurities in steel-making furnaces and is, by mass, 

approximately 15% of the original steel output. The slag occurs as a molten liquid and 

is a complex solution of silicates and oxides that solidifies upon cooling.  

Approximately 21 million tons of slag are produced annually in the United States, and 

only 10-15% of this slag is reused. The remainder is either stockpiled or placed in 

landfills (USGS, 2014).  Many contractors have approached SHA requesting the use of 

S, but SHA currently does not have any specifications available to regulate the use of 

this recycled material. 

Processed steel slag has favorable mechanical properties for aggregate use, 

including good abrasion resistance and high bearing strength (Geiseler 1996, Rohde et 

al. 2003, Ahmedzade and Sengoz 2009, Deniz et al. 2009, Yildirim and Prezzi 2009). 

Although steel slag can be an attractive construction material, there are two main 
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problems that need to be carefully examined. First, steel slag aggregates generally 

exhibit a tendency to expand, due to the presence of free lime and magnesium oxides 

that have not yet reacted with silicate structures.  Because of this chemical composition, 

slag can expand in humid environments, which could cause the heaving of pavements 

and uneven, rough and cracked pavement surfaces. This could result in millions of 

dollars in annual repair costs to rehabilitate the structures (Motz and Geiseler 2001, 

Juckes 2003, Rojas 2004, Deniz et al. 2009). The other key issue is the possible release 

of pollutants to the environment. Steel slag is mainly composed of environmentally 

benign oxides like calcium, silicon and iron, but it may also contain low concentrations 

of potentially toxic elements, including chromium, nickel and vanadium. Additionally, 

the high pH levels of leachate from steel slag (pH>12) exceeds a maximum pH of 8.5 

in water discharges as allowed by the United States Environmental Protection Agency 

(EPA) and the Maryland Department of the Environment (MDE). The pH conditions 

and the potential for leaching pollutants will be highly influenced by the intended slag 

application (embankment fill vis-à-vis base) and the possible use of simple additives to 

mitigate adverse properties.  Understanding these issues and finding ways to reduce 

geotechnical and environmental risks are necessary to promote the use of steel slag in 

highway construction in Maryland. 

Use of steel slag has several benefits to the State. Some of these include: 

reducing solid waste disposal costs incurred by industries, reducing landfill 

requirements, minimizing damage to natural resources caused by excavating earthen 

materials for construction, conserving production energy, and ultimately providing 

sustainable construction and economic growth.  Furthermore, highway engineers will 
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be able to utilize local materials and thereby reduce environmental impacts and provide 

cost-benefits to the State.  Moreover, these efforts are parallel with the objectives of 

Green Highways Partnerships, which SHA is a partner in. 

As mentioned above, several studies have been conducted regarding the 

mechanical properties of steel slag. Leaching of metals from steel slag has also been 

studied (Fällman et al. 2000, Apul et al. 2005, Gomes and Pinto 2006, Huijgen and 

Comans 2006, Mayes et al. 2008, De Windt et al. 2011). However, there is a lack of 

information on the flow of steel slag leachate through natural soils. Mineralogy affects 

the particle charge and buffering capacity of soils significantly, which may result in 

lower metal concentrations in the leachate. This study consisted of the following tasks: 

1) Determining the mechanical properties of steel slag and evaluating its swelling 

behavior. 

2) Conducting batch (small-scale) water leaching tests for a quick estimate of 

metal leaching behavior. 

3) Conducting long-term sequential column leaching tests to study leaching 

behavior and controlling mechanisms for the trace metals from pure and treated 

steel slag, and to study the effects of underlying subgrades on fate and transport 

of these chemicals in the environment.  

4) Determining the evaluation of the impact of effluents from steel slags on surface 

water and groundwater through two recent numerical models.  

Section 2 of this study evaluates the mechanical behavior and the swelling potential of 

steel slag and compares the two different swell suppression methods. Section 3 

evaluates metal leaching from pure or treated steel slag within highway embankments 
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into surface waters. Section 4 evaluates metal leaching from pure or treated steel slag 

within highway embankments into groundwater. Section 5 provides a summary of 

research findings and a list of recommendations for future work. 
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2 ASSESSMENT AND MITIGATION OF SWELLING 

BEHAVIOR OF STEEL SLAG 

2.1 INTRODUCTION 

Steel slag has been used in a variety of applications in the construction industry. In 

particular, steel slag (S) produced via blast furnace is used in a wide range of highway 

applications, such as granular base, concrete and hot mix asphalt aggregates and 

supplementary cementitious materials (Rohde et al. 2003, Tsakiridis et al. 2008, Shen 

et al. 2009, Suer et al. 2009, Wang et al. 2010). Steel slag was reported as having 

excellent strength characteristics due to their angular shape and rough surface texture 

(Deniz et al. 2009). Steel slag also possesses high bulk-specific gravity and exhibits 

good compaction behavior. However, steel slag obtained from basic oxygen furnaces 

(BOF) and electric arc furnaces (EAF) is less commonly used in highway applications 

due to their volumetric instability in the presence of moisture. The expansion of free 

lime (CaO) and free periclase (MgO), as well as the conversion of dicalciumsilicate 

(C2S) and the oxidation of iron and carbonation of CaO and Mg silicates results in the 

volumetric instability of steel slags (Wang 2010).  CaO lime can fully hydrate in a few 

days when immersed in water. This behavior is not favorable, particularly when steel 

slag is used in rigid matrices (Deniz et al. 2010).  

Several efforts were made to use slag in highway bases/subbases, low volume 

roads and in soil stabilization. Verhasselt and ChoqSuet (1989) performed a series of 

accelerated swell tests on steel slag samples and claimed that the critical CaO content 

for slags used in pavements should be 4.5% with a maximum linear expansion limit of 
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1%, which was set based on swelling tests.  The same study also recommended placing 

sand layers above and below the steel slag layer due to the fact that voids inside the 

sand layer could tolerate the swelling of the slag. Geiseler (1996) said there is no need 

to restrict the volumetric expansion of steel slag in certain applications, such as in the 

construction of parking lots or in landscaping projects. Geiseler (1996) also proposed 

that the free lime content of non-aged slag should not exceed 7% and 4%, respectively, 

for use in unbound layers and bituminous (asphalt) road layers.  Deniz et al. (2010) 

conducted swelling tests on different reclaimed asphalt pavement (RAP) samples, 

including surface binder RAP materials with 60% S aggregates, surface RAP materials 

with 92% slag aggregates and virgin slag aggregates, among other samples. Results 

showed that RAP materials with slag aggregates expand less compared to virgin 

materials mixed with steel slag. Deniz et al. (2010) claimed that the high absorption 

characteristics of RAP materials and the high alkalinity of S could be the reason for the 

observed lower swell. This phenomenon was related to the fact that the surface texture 

of S was rougher than the natural aggregate, its friction properties were superior and its 

improved adhesion ability with an asphalt binder. In another study, Yıldırım and Prezzi 

(2009) showed that the addition of 10% Class C-Fly ash by weight can reduce swelling 

values of EAF slags, as well as the aged and fresh BOF steel slag, to negligible levels. 

Wang (1992) found that voids of a granular material could partially compensate 

for the swelling of steel slag. Expansion tests under a surcharge of 2.5 kPa were 

conducted on two different types of steel slag.   The volume expansion was assumed to 

be due to the presence of free lime, and an empirical formula related to the initial free 

lime (CaO) percentage to porosity and compacted density of steel slag was proposed.  
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Wang et al. (2010) also pointed out that the void volume in bulk steel slag under an 

external surcharge could internally absorb a volume expansion equal to 7-8% of the 

void ratio of steel slag.  Wang et al. (2010) developed a usability criterion based on the 

volume expansion of steel slag and the minimum percentage of the volume that can 

take the volume expansion of steel slag. 

Motz and Geiseler (2001) developed another criteria based on the contents of 

CaO and MgO, as both can influence the swelling behavior of steel slag. As there is no 

reliable test method to determine the free MgO content of slag, this study suggested the 

use of a steam test in which a compacted slag specimen is subjected to a flow of steam 

from a steam unit at 100°C for 24 hours if the MgO content is less than 5%,and 168 

hours otherwise (CEN EN 1744-1).  

European Code (TC 154) has classified steel slag aggregates into four main 

groups, ranging from VA to VD. Steel slag aggregates can be used in unbound and 

asphalt layers only if they meet the criterion for Class VA. For a steel slag aggregate to 

be classified as Class VA, the maximum expansion of the steel slag sample can be no 

more than 3.5% for bituminous mixes and 5% for unbound mixtures, with a 24-hour 

steam test for slag with MgO less than 5% and a 168-hour steam test for slag with MgO 

greater than 5%).  Yzenas (2008) has performed autoclave tests and developed a scale 

to evaluate the suitability of steel slag as construction aggregates.  According to this 

scale, a steel slag sample undergoing up to 11% of volumetric expansion may be 

classified as a “suitable” material. If the measured volumetric expansion is between 11 

and 16%, then the material is called “marginal,” and further testing is recommended. 
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Any other materials with a volumetric expansion greater than 16% are not suitable 

materials for building and should be rejected. 

However, Juckes (2003) evaluated the swelling behavior of several S 

aggregates both in the laboratory and in situ, and the results of the experiment indicated 

that the two swelling behaviors could be very different. Accelerated laboratory swelling 

tests are quick and provide the maximum expansion for a given steel slag sample; 

however, the field rate of swelling was found to be much lower under atmospheric 

conditions.  

Previous research showed that steel slag can be a good alternative to natural 

aggregates in highway base/subbase layers (Rohde et al. 2003). However, most of these 

studies suggested that steel slag should be aged under atmospheric conditions before 

being used.  The objective of the current study was to test the efficacy of an innovative 

method that decreases the swelling potential of steel slag while still preserving their 

mechanical properties. In order to meet this objective, steel slag materials were coated 

with bituminous asphalt material, or mixed with water treatment residual (WTR). These 

mixtures, along with the virgin steel slag material, were subjected to accelerated 

swelling tests. 

2.2 MATERIALS 

Steel slag (S) used in this study was produced via blast oxygen furnaces (BOF). S 

samples were collected from field stockpiles that include six-month-old (6MS), one-

year-old (1YS), and two-year-old (2YS). Debris and foreign material in S were 

removed by hand before testing. All three steel slag materials were classified as well-

graded sand with silt (SW), according to Unified Soil Classification System (USCS), 
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and A-1-b, according to the American Association of State Highway and 

Transportation Officials (AASHTO) Classification System. They did not exhibit any 

plasticity and contained 12%, 10% and 12% silty fines by weight, respectively. 

Bituminous coating (BC), water treatment residual (WTR) addition and natural 

sandy soil amendment methodologies were applied to decrease the swell potential of 

virgin steel slag. WTR, a byproduct that comes from treating drinking water, is an 

aluminum-based material and does not contain any surface or groundwater pollutants. 

It was collected from the Rockville Drainage Drinking Water Treatment Plant and was 

air-dried and sieved through a U.S. No. 40 sieve before mixing with the slag. WTR 

contains 76% fines by weight and shows no plasticity.  Asphalt binder PG-64-22 was 

used for BC. The physical properties of the asphalt binder can be found at Irving Oil 

(2013). The asphalt binder is solid at room temperature and is a viscous fluid at 90°C. 

The measurements conducted according to EPA Method SW-846 and Method 9045 

showed that the pH of S and WTR materials were 12.4 and 6.9, respectively.  The steel 

slag S was mixed with the asphalt binder at a ratio of 4% by weight, while WTR 

materials were added at a ratio of 10%, 20% and 30% by weight.  

Sandy soil (or borrow material) that is commonly used in embankment 

construction by the Maryland State Highway Administration (SHA) was utilized in 

preparing the soil and S mixtures. Soil was collected from a pit in Denton, Maryland, 

and was sieved through U.S. No. 4 sieve (4. 75 mm) upon transporting to the laboratory. 

The soil was classified as poorly graded sand with silt (SP-SM), according to the 

Unified Soil Classification System, and A-3 (fine sand), according to the American 

Association of State Highway and Transportation Officials (AASHTO) Classification 
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System. The soil showed no plasticity based on consistency limit tests per ASTM 

D4318. The physical properties of the soil, along with the steel slags and the WTR, are 

summarized in Table 2.1 .  

All mixtures prepared in the current study were compacted at their optimum 

moisture contents (wopt) and maximum dry unit weights (γdry-max) using the standard 

Proctor effort (ASTM D698). S was sieved through a U.S. 3/8” (9.5 mm) sieve before 

it was mixed with the asphalt binder. For preparation of the S-WTR mixtures, it was 

sieved through a U.S.3/4” (19 mm) sieve. Finer S material was preferred in the S-BC 

mixtures to prevent coarser aggregates from absorbing large portions of the asphalt 

binder. This procedure helps to achieve a more uniform coating of the S aggregates. 

2.3 METHODS 

2.3.1 Bitumen Coating 

The S was oven-dried for 24 hours at 105 °C and sieved through U.S. 3/8” (9.5 mm) 

sieve. The oven-dried sample was weighed and placed into the oven. The required 

amount of asphalt binder (PG 64-22) was calculated, weighed and put into the oven 

together with all the metal equipment that was used during hot mixing (like spoons, 

buckets, etc). The binder, slag and equipment were heated to 170 °C and kept in the 

oven for 3.5 hours. The heated equipment was placed into the mixer, and S samples 

were taken out from the oven to be thoroughly mixed for approximately 1-2 minutes 

(Figure 2.1a). The heated binder was then taken from the oven and poured into the 

mixer. The bitumen and S were thoroughly mixed until all of the particles were visibly 
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coated and the mixture was warm. Finally, the bitumen-covered S samples were spread 

on a flat surface and left overnight to cool completely (Figure 2.1b). 

2.3.2 Volumetric Expansion Tests 

In accelerated swelling tests, compacted steel slag samples were exposed to hot water 

or steam in order to accelerate the swelling rate, and the swelling process was 

monitored for a shorter period of time compared to ASTM D1883 long-term swelling 

tests. For both tests, steel slag specimens were prepared at optimum water contents in 

cylindrical molds, lateral movement was prevented and one-dimensional swelling was 

measured. 

Tests were performed in accordance with ASTM D4792. Samples were 

compacted in standard CBR-molds, which were equipped with dial gauges, and 

researchers followed the same procedures described in ASTM D1883. Specimens were 

immersed in hot water (70±3°C). A surcharge load of 2.5 kPa was applied on the 

specimens. ASTM D4792 recommends a test duration of seven days minimum; 

however, the accelerated swelling tests were generally continued beyond seven days to 

ensure a steady-state swelling ratio was reached, i.e., to fully assess both short- and 

long-term expansion behavior. The test setup is shown in Figure 2.2. 

 



 

 

12 
 

Table 2.1 Physical properties of the steel slag, water treatment residual and sandy soil. 
 

Material Gs Gravel 
Content (%) 

Sand 
Content (%) 

Fines 
Content (%) 

IP 
(%) 

wn  
(%) 

wopt 
(%) 

γdry-max  
pcf (kN/m3) 

Steel Slag (6MS) 3.46 35 53 12 NP 6 10 151.6 
(23.9) 

Steel Slag (1YS) 3.45 21 69 10 NP 9 11 142.9 
(22.5) 

Steel Slag (2YS) 3.45 21 67 12 NP 10 13.5 141.2 
(22.2) 

Water Treatment Residual (WTR) 1.88 0 24 76 NP 385 42 65.3 
(10.3) 

Sandy Soil 
(Borrow Material) 2.60 0 89 11 NP 5 11 122.2 

(19.2) 
 
Note: Ip: plasticity index, Gs: specific gravity NP: non-plastic, wn: natural water content, wopt: optimum moisture content, γdry-max: 
maximum dry unit weight.
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(a) 
 

 
 

(b) 
Figure 2.1 (a) Bitumen coating procedure and (b) bitumen coated samples 
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Figure 2.2 ASTM D4792 Accelerated swell test set-up 
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2.4 RESULTS 

2.4.1 Index Properties and Compaction Characteristics 

Grain-size distribution is one of the most important characteristics of granular materials 

affecting their mechanical properties. Molten slag solidifies in the slag pits and 

subsequently breaks down into smaller-size particles during the cooling process. 

During this natural particle breakdown process, S particles of varying dimensions, from 

boulder to silt size, are generated, resulting in a variable gradation with a wide range 

of particle sizes. 

The S can generally be classified as a coarse-grained material, since it consists 

of significant percentage of gravel-sized particles (Evans, 2006). Typically, it has a 

well-graded grain-size distribution, with particle shapes varying from subrounded to 

angular. In addition, S particles have very rough surfaces, which results in higher 

friction angles in comparison with natural soils. In previous studies, friction angles 

between 40° and 50° were reported for S (Lee 1974, Noureldin and McDaniel 1990). 

In the current study, gradation of the slag was altered during bituminous 

coating, as well as during sand and WTR amendment. For all three S mixtures tested, 

the processing of S results in a relatively coarser aggregate material, likely providing a 

stronger but more brittle highway base/subbase layer.  Figure 2.3 shows that the 

gradation curves of the bitumen-coated S tend to be more uniform compared to original 

grain size distributions of S.  

As seen in Figure 2.3, all S specimens have fine particle contents between 10 

and 12%, consistent with the values reported by Barra et al. (2001) and Rohde et al. 

(2003). The fine-grained nature of the WTR also increases the total fines content of the 
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WTR-slag mixtures. A similar trend was observed when slag was mixed with a sandy 

soil. Sandy soil included a larger amount of sand-sized particles compared with steel 

slag, which resulted in a finer grain-size distribution as compared to steel slag.  

Due to its high specific gravity (Gs>3.0) and well-graded gradation, the reported 

γdry,max of S is higher than that of a natural aggregate. Rohde et al. (2003) conducted 

standard Proctor compaction tests on EAF slag samples with different gradations; both 

regular (single-peak) and irregular compaction curves were observed for different 

gradations of EAF slags. The optimum moisture content and maximum dry unit weight 

of EAF slag samples were in the range of 3-6% and 23-26 kN/m3, respectively. Andreas 

et al. (2005) presented a standard Proctor compaction curve on a ladle slag and EAF 

slag mixture that contained 35% EAF slag by weight. A single peak compaction curve, 

with a γdry,max = 22 kN/m3 and wopt= 13%, was reported.  Pennsylvania Department of 

Transportation studied the compaction characteristics of granulated blast furnace slags 

and observed oddly-shaped curves with double peaks (Lee and Suedkamp 1972, Lee 

1976). In addition, the fine particle content of S was reported to have a significant 

influence on the compaction behavior of the slag. 

The optimum moisture content (wopt) and maximum dry density (γdry,max) of the 

pure steel slag materials used in this study are provided in Table 2.2. These values are 

consistent with the compaction characteristics of typical S reported by others (Rohde 

et al. 2003, Deniz et al. 2010). BC coating results in a 2-3% decrease in wopt of all the 

S-BC mixtures compared with pure slag, as the optimum moisture content of the coated 

granular steel slag is influenced by the amount of fine particles (Figure 2.4). Past 

literature indicates that coarser materials tend to provide higher dry densities (Holtz 
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and Kovacs, 1981). However, bituminous material (asphalt binder PG 64-22) is a 

viscous and lightweight material with Gs= 1.1; thus, its addition may have caused a 

decrease in γdry,max of the S-BC mixtures. Similar trends are also observed for the S-

WTR samples. The S specimens prepared with WTR yielded the lowest maximum dry 

unit weights in all mixtures and the optimum moisture content values were increased 

from 13.5% to 21% (Table 2.2).  WTR contains 76% silty fines and has a specific 

gravity of 1.88, which is probably the main reason for obtaining lower γdry,max and 

higher wopt for the S-WTR mixtures. 
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Figure 2.3 Grain size distributions of pure, bitumen-coated, and WTR or sand-
amended steel slag aged for (a) 6 months, (b) 1 year, and (c) 2 years. 
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Figure 2.4 Compaction curves of pure, bitumen-coated and WTR or sand-amended 

steel Slag, aged for (a) 6 months, (b) 1 year and (c) 2 years  (Note: S: steel slag, 
BC:bituminous coating, WTR: water treatment residual). 
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2.4.2 Strength Characteristics 

The results of the direct shear tests are given in Table 2.2. Due to various subrounded 

to angular particle shapes and a rough surface, S typically yields very high friction 

angles in comparison to sandy soils. The friction angles and cohesion values obtained 

for pure S samples align with the existing values in literature. Yildirim and Prezzi 

(2009) reported a friction angle of ~50° and a cohesion of 50-75 kPa, which is similar 

to the values of φ’=490 and φ’=500 reported by Lee (1974) and Noureldin and McDaniel 

(1990), respectively.  As seen in Table 2.2, a bitumen coating and a WTR addition to 

S decreases the internal friction angles to φ’=45-460 and φ’=36-440, respectively. This 

can be related to the fact that the addition of bitumen results in rounder particles, and 

that WTR consists of nonangular fine-grained particles. 

2.4.3 Volumetric Expansion Tests 

Figure 2.5 shows the volumetric expansion for the pure as well as treated S specimens. 

The volume of pure S increases with time, and the rate of increase declines after 40 

days of testing as the hydration of both free lime (CaO) and magnesia (MgO) minerals 

contributes to swelling (Sorlini et al. 2012). A continuous increase in the swelling ratio 

of the steel slag after 40 days might be due to hydration of the magnesia (MgO) 

minerals in S. The hydration rate of CaO is relatively faster, and it typically takes only 

a few weeks for CaO minerals to complete their hydration process; for comparison, it 

takes years for the MgO minerals to complete the hydration process (Emer, 1974, 

Geiseler 1994, Motz and Geiseler 2001, Juckes 2003, Yildirim and Prezzi 2009). 
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Table 2.2 Compaction and shear strength parameters of the materials tested 

Sample ID 
Internal 

Friction Angle, 
φ (°) 

Cohesion, c 
kip/ft2 (kPa) wopt (%) γdry-max  

pcf (kN/m3) 

6MS 51 0.84 (40) 10 152 (23.9) 

1YS 49 0 11 143 (22.5) 

2YS 49 0.54 (26) 13.5 141 (22.2) 

6 MS4BC 45 0.54 (26) 9 138 (21.6) 

1 YS 4BC 46 0.40 (19) 10.5 137 (21.5) 

2 YS 4BC 46 0.56 (27) 10 133 (20.9) 

6 MS10WTR 44 0.31 (15) 14 136 (21.3) 

1 YS10WTR 43 0.25 (12) 13 130 (20.4) 

2 YS10WTR 42 0 14 129 (20.3) 

6 MS20WTR 41 0.17 (8) 15 125 (19.6) 

1 YS 20WTR 39 0 17.5 118 (18.6) 

2 YS 20WTR 39 0.29 (14) 18 120 (18.8) 

6 MS30WTR 39 0.33 (16) 19 111 (17.5) 

1 YS30WTR 37 0.25 (12) 20 106 (16.6) 

2 YS30WTR 36 0.25 (12) 20 107 (16.8) 

6MS20SAND 46 0.40 (19) 10 141 (22.1) 

1YS20SAND 44 0.38 (18) 14 137 (21.5) 

2YS20SAND 44 0.40 (19) 13 140  (21.9) 

6MS40SAND 42 0.44 (21) 11 142 (22.3) 

1YS20SAND 41 0.50 (24) 11 139 (21.9) 

2YS20SAND 40 0.42 (20) 13 134 (21.0) 
        
Note: wn: natural water content, wopt: optimum moisture content,  γdry-max: maximum 
dry unit weight. 
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The data in Figure 2.5 indicates that the bitumen-coated S specimens exhibited 

initial settlements during the early stages of the accelerated swelling tests. Deniz et al. 

(2010) also found that reclaimed asphalt materials (RAP) that contain S aggregates 

exhibited initial settlements before the onset of expansion, and that the porous nature 

of the RAP materials with lower densities yielded an elactic strain of 0.2-0.3% as soon 

as a surcharge load was placed. BC coated steel slags used in the current study have a 

higher porous structure than pure S and S-WTR mixtures, since fines in the steel slag 

were replaced with bituminous materials during the coating process.  

The relatively higher porosity of the S-BC mixtures, and the fact that the 

lubricant nature of the bitumen dominates the material behavior, could be responsible 

for the observed instant high settlement rates.  However, even though the ultimate 

swelling amounts of pure S materials with different aging properties are different, the 

ultimate swelling ratios of S-BC samples are almost identical. This shows that bitumen 

coating covers a significant amount of surface area and prevents Ca leaching. The 

bitumen coating decreases the infiltration rate of water into the steel slag aggregates, 

which prevents the hydration of free lime (CaO) and magnesia (MgO), and reduced the 

swelling of the granular S-BC mixture. This finding is consistent with previous research 

studies (Kandahl and Hoffman 1997, Deniz et al. 2010). 

A summary of ultimate swelling ratios for all materials is given in Table 2.3. 

As expected, increasing the sand amount results in a lower ultimate swelling ratio for 

all S specimens. Amendment of steel slag with 20- 40% sand by dry weight limits the 

expansion of all three pure steel slag materials (Figure 2.5). However, this decrease in 
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the ultimate swelling ratios is not related to any chemical reaction. The sand particles 

replaced some of the S particles and resulted in lower ultimate swelling.    

Aging had mixed effects on the swelling ratios measured in this study.  Das et 

al. (2007) conducted experiments both in the laboratory and situ, which showed that 

the free lime content decreases to a constant near-zero value after 9 to 12 months of 

aging. Rohde et al. (2003) performed ASTM D4792 expansion tests on EAF slag and 

showed that the expansion of a 4 month-aged EAF slag was less than 0.5%, which is 

the limit value recommended by ASTM D2940.  Even though total elemental analysis 

(TEA) results suggest that the overall chemical compositions and total Ca content of 

all three S mixtures used in the current study are similar (see Table 3.2 in Section 3), 

varying amounts of Ca released from each mixture yield a significant difference in Ca 

solubility.  Ca containing mineral phases in the fresh steel slag samples may have been 

transformed over the course of different aging periods into various weathering products 

(secondary minerals) with different dissolution rates (e.g., calcium-alumina silicates). 

Nonetheless, the aged S is still capable of producing extremely alkaline leachates with 

high concentrations of dissolved Ca (Figure 2.5). Yildirim and Prezzi (2009) also 

reported that the ultimate swelling ratios for aged BOF slag samples were higher than 

those of fresh BOF slag samples. The laboratory leaching test results provided in 

Chapter 3 show that 6MS leaches the highest Ca-concentrations, since Ca was washed 

away during the earlier aging periods. 2YS slag released more Ca than 1YS, which 

shows that prolonged aging may have negative effects on the solubility of Ca-

containing minerals in S. These findings agree with the results of the swelling test, 

where for both 20% and 40% of sand amended mixtures, the maximum swelling was 
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observed in the 6MS sample, whereas the least swelling was measured for the 1YS 

mixtures (Table 2.3). 

The amendment of 10% and 30% WTR by weight decreases the ultimate 

volumetric expansion ratio of steel slag from 3.57% to 1.15% and 0.98%, respectively 

(Figure 2.5 and Table 2.3). This indicates that mixing S with WTR can be used to 

prevent swelling in highway base/subbase applications. According to Figure 2.5, the 

expansion rates of the pure S are lower than those of their corresponding S30WTR 

mixtures in the first three days, which may be due to the fact that WTR itself exhibits 

an initial swelling. Wang et al. (2010) claimed that the hydration rate of free lime is 

initially slow due to the dense, or high calcining, structure of free lime in steel slag 

byproducts. Wang et al. (2010) also suggested that this phenomenon decreases the rate 

of reaction that occurs between water and free lime, which ultimately decreases the 

initial expansion rate. The swelling patterns for the S-WTR mixtures are in agreement 

with the ones observed in sand slag mixtures. WTR-treated 6MS exhibits the largest 

swelling behavior, whereas WTR-treated 1YS has the lowest ultimate swelling ratio. 

Increasing the amount of WTR reduces the ultimate swelling. 
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Figure 2.5 Swelling curves for of pure, bitumen-coated, and WTR or sand-amended 
steel slag aged for (a) 6 months, (b) 1 year, and (c) 2 years.  (Note: S: steel slag, BC: 

bituminous coating, WTR: water treatment residual) 
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Table 2.3 Ultimate swelling ratios of the materials tested 

Sample ID 
Ultimate 
Swelling 

Ratio (%) 

6 MS 2.61 

1 YS 2.75 

2 YS 3.57 

6 MS4BC 1.27 

1 YS 4BC 0.96 

2 YS 4BC 1.27 

6 MS10WTR 1.15 

1 YS 10WTR 1.11 

2 YS 10WTR 1.15 

6 MS30WTR 0.97 

1 YS 30WTR 0.65 

2 YS 30WTR 0.98 

6 MS20SAND 2.02 

1 YS20SAND 0.76 

2 YS20SAND 0.85 

6 MS40SAND 0.45 

1 YS40SAND 0.15 

2 YS40SAND 0.05 
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2.5 CONCLUSIONS 

A series of accelerated swelling tests and direct shear tests were performed on pure as 

well as bitumen coated, sand-amended, and water treatment residual (WTR)-mixed 

steel slag samples. The results can be summarized as follows: 

• An increase in the amount of bituminous material decreased the maximum dry 

unit weight (γdry-max) and optimum moisture content (wopt) of the bitumen coated 

steel slag. Addition of water treatment residual (WTR) to steel slag decreased 

the γdry-max and increased wopt due to high fines content of the WTR. Addition of 

sand resulted in a lower γdry-max due to lower specific gravity of sand particles 

compared with steel slag but no significant change in optimum content was 

observed. 

• All pure steel slag materials as well as mixtures used in this study had excellent 

shear strength properties based on direct shear tests. Both effective internal 

friction angle and effective cohesion generally decreased with WTR, bitumen, 

or sand addition.  WTR addition caused the largest decrease in friction angles 

due to fine nature of the WTR particles. 

• The results of the accelerated swelling (volumetric expansion) tests showed that 

all three methodologies (bituminous coating, sand amendment and WTR 

amendment) were very efficient in the prevention of significant expansion of 

the steel slag material. Mixing the steel slag material with 30% WTR by weight 

decreased the swelling (expansion) rate from 2.95% to approximately 1%. The 

steel slag materials coated with bituminous material do not exhibit excessive 

swelling, most likely due to the sealing off of the free lime and magnesia.  
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Even though the results of all three methods seem promising for supression of swelling, 

additional information on pH is needed.  Thus, a series of batch tests were conducted 

to study the environmental suitability of the treatment methods.  pH values obtained 

from thse tests provide a comparative evaluation of the three treatment methods. 
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3 EXPERIMENTAL EVALUATION OF TRACE METAL 

LEACHING FROM STEEL SLAG INTO SURFACE 

WATERS 

3.1 INTRODUCTION 

As mentioned in Chapter 2, processed steel slag (S) has favorable mechanical 

properties, such as good compatibility and high friction angle. However, one key issue 

that has prevented its use in embankments is the surface water impacts caused by metals 

in steel slag leachate. The steel slag is mainly composed of environmentally benign 

oxides of calcium, silicon and iron, but it may also contain low concentrations of 

potential toxic elements, including chromium and vanadium. The high calcium and iron 

levels create an environment that is generally conducive to sequestering these 

pollutants; however, as rainwater percolates through an embankment profile, trace 

elements leach from slag and may reach rivers and streams.  Furthermore, pH 

conditions and pollutant leaching potential are highly influenced by the intended slag 

application. 

As mentioned in Chapter 2, bituminous coating, WTR addition, and sand 

amendment methods have deemed as successful methods to suppress swelling. A series 

of pH measurements were conducted on the samples prepared using these three 

methods, and the results showed that the WTR treatment is the only one that is likely 

to effective on pH reduction (Figure 3.1).  Accordingly, WTR amendment was chosen 

as the appropriate method for the leaching tests.  
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Limited information exists on the pollutant characteristics in surface waters 

during the construction of highway embankments (Boyer 1994, Banks et al. 2006, 

Mayes et al. 2008). In order to evaluate the metal leaching behavior of WTR-treated 

steel slag, a series of sequential water leach and column leach tests were conducted. A 

computer model was developed to study the effluent concentration within a stream 

adjacent to an embankment. 

3.2 MATERIALS 

The steel slag (S) material used in this study was produced via blast oxygen furnace 

(BOF). Only 2-year-old (2YS) steel slag was used in laboratory tests. Debris and 

foreign materials were removed by hand before testing.  

The water treatment residual (WTR) was collected from the City of Rockville 

Water Treatment Plant, and air-dried and sieved through U.S. No. 40 sieve before being 

mixed with steel slag. The measurements conducted, according to EPA Method SW-

846 Method 9045, showed that the pH of S and WTR materials were 12.4 and 6.9, 

respectively.  WTR was added at 10%, 20% and 30% by weight to the S material. 

A clayey, or borrow material, commonly used by SHA was utilized for 

simulating an encapsulation layer around pure or treated S materials in embankments. 

All mixtures prepared in the current study were compacted at their optimum moisture 

contents (wopt) and maximum dry unit weights (γdry-max) using the standard Proctor 

effort (ASTM D698, 600 kN-m/m3). Total elemental analyses (TEA) were performed 

by means of inductively coupled plasma optical emission spectrometer (ICP-OES) by 

the University of Wisconsin Soil and Plant Analysis Laboratory on all materials in 
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order to select the metal analytes of interest. Table 3.1 and Table 3.2 provide a summary 

of the physical and chemical properties of the materials used in this study. 

3.3 METHODS 

3.3.1 Sequential Water Leach Test (SWLT) 

Sequential batch water leach tests (SWLT) were conducted on pure S and S-WTR 

mixtures in accordance with ASTM D3987 with slight modifications mentioned below. 

Pure S and pure WTR were also tested as control materials. The specimens were 

prepared at a liquid-to-solid ratio (L:S) of 20:1. All materials were air-dried and sieved 

through the No. 10 (2.0 mm) sieve before use. A 0.02 M NaCl solution was added to 

2.5 grams of dry mixtures in 50 mL high-density polyethylene (HDPE) bottles. Next, 

the solutions were rotated at a rate of 29 rpm at room temperature (24 Cº) for 18 hours, 

in accordance with ASTM D3987. After rotation, the samples were centrifuged at 6000 

rpm for 15 minutes. Upon centrifugation, the leachates were filtered through the 0.2-

μm pore size, 25 mm diameter membrane disk filters fitted in a 25-mm Easy Pressure 

syringe filter holder by using a 60-mL plastic syringe. The pH and electrical 

conductivity (EC) measurements were conducted, and the volume of the filtrated 

solution was measured.  
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Figure 3.1 Results of preliminary batch water leach tests on swelling mitigation 
methods
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Table 3.1 Physical properties of the steel slag, water treatment residual, and 
encapsulation soil. 

Material Gs IP (%) wn 
(%) 

wopt 
(%) 

γdry-max  
pcf (kN/m3) 

Steel Slag (S) 3.45 NP 10 13.5 141.2 
(22.2) 

Water Treatment Residual 
(WTR) 1.88 NP 385 42 65.3 

(10.3) 

Encapsulation Soil 2.66 18 17 26 104.4 
(16.4) 

Note: Ip: plasticity index, Gs: specific gravity NP: non-plastic, wn: natural water 
content, wopt: optimum moisture content, γdry-max: maximum dry unit weight.
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Table 3.2 Elemental composition of the steel slag, water treatment residual, and 
encapsulation soil 

Material 
Steel Slag 

 (2YS) 
(mg/L) 

Water Treatment 
Residual (WTR) 

(mg/L) 

Encapsulation Soil 
(mg/L) 

P 2100 2100 262 
K 19,400 2600 2350 
Ca 173,000 5100 1940 
Mg 50,900 3000 6300 
S 617 4700 110 

Zn 189 98.1 142 
B 41.6 10.4 4.57 

Mn 18,100 4300 885 
Fe 113,900 22,600 53,700 
Cu 19.7 56.4 61.7 
Al 10,600 159,700 47,700 
Na 299 284 106 
Cd <0.4 <0.4 <0.4 
Co 1.90 12.2 29.1 
Cr 1300 <0.1 37.0 
Mo 1.57 2.41 <0.4 
Ni <0.3 6.18 17.4 
Pb 16.0 <2 <2 
Li 16.7 24.2 13 
As <3 13 3.24 
Se <3 <3 <3 
Ba 68.5 210 98.6 
V 500 41.5 138 
Ag <0.6 275 461 
Sb < 0.81 1.79 6.13 
Si 457 516 847 
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To simulate the flow of leachate through an encapsulating clay layer, the 

leachate solution from the first water leach test was put into a centrifuge tube and dry 

clay was added to maintain an L:S of 20:1. The samples were rotated for another 18 

hours and the steps mentioned above were repeated. After the pH and EC 

measurements were taken, the samples were acidified to pH <2 with 2% HNO3. Before 

use, all equipment (centrifuge tubes, filter holders syringe, etc.) were washed with 2% 

HNO3 acid solutions and rinsed with deionized (DI) water. All samples were stored at 

4 Cº for chemical analysis. Duplicate SWLTs were conducted on all mixtures. The 

SWLT setup is schematically given in Figure 3.2. 

3.3.2 Sequential Column Leach Test (SCLT) 

In order to simulate the encapsulation of pure or treated S materials in a clayey soil, 

sequential column leach tests (SCLT) were conducted. In these tests, the effluent tubing 

of the first column, which contains pure or treated S materials, is connected to the 

second column that houses the encapsulating clay layer. Effluent samples were 

collected from both columns in order to compare the pH, EC and metal concentrations. 

The SCLT setup is shown in Figure 3.3 and the conceptual flow model is given in 

Figure 3.4. 

The SCLTs were conducted on pure S and S-WTR mixtures. All specimens 

were compacted at their optimum moisture contents in a PVC mold with a 4-inch (101.6 

mm) diameter and 4.6-inch (116.4 mm) height using standard Proctor effort (ASTM 

D698, 600 kN-m/m3). In order to increase the surface area of the sample, air-dried steel 

slag was sieved from a 3/8-inch (9.5 mm) sieve to remove larger particles. PVC molds 
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were preferred because it minimizes the outside effects on effluent metal 

concentrations.  

The columns were operated in an upflow mode using a peristaltic pump on the 

influent line. The polypropylene (PP) influent lines were connected both to the second 

column and to a polyethylene reservoir tank, which was filled with the 0.02 M NaCl 

solution. On the effluent end of the column, polypropylene (PP) tubing transferred the 

effluent solution into the collection bottle. An inflow rate of 15 mL/hr was used due to 

the low permeability of the encapsulating clay layer (k= 1.01 x 10-6 cm/s). 

A 0.02 M NaCl solution, prepared with ASTM Type II water (resistivity greater 

than 1 megaohm-cm; ASTM D1193) was used to provide an influent with an ionic 

strength comparable to that of groundwater percolating through the embankment 

(Morar et al. 2012). The leachate samples were taken every hour for the first four hours 

and then daily throughout the test. The sample’s pH and electrical conductivity 

measurements were recorded immediately after the sample collection. The suspended 

solids were filtered through the 0.2-μm pore size, 25-mm diameter membrane disk 

filters fitted in a 25-mm Easy Pressure syringe filter holder by using a 60-mL plastic 

syringe. A series of falling-head hydraulic conductivity tests were conducted on the 

specimens before dismantling the columns. 
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Figure 3.2 Sequential Water Leach Test Setup
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Figure 3.3 (a) Photo and (b) sketch of the sequential column leach test set-up.  
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Figure 3.4 Conceptual model to analyze the flow of steel slag into surface waters.
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3.3.3 Chemical Analysis 

The total elemental analyses (TEA) method covers a digestion process and analysis of 

pure and treated slag (S) samples for major and minor element contents. The digestion 

process began by weighing the sample in a 50-mL glass digestion tube. In each tube, 5 

mL of concentrated HNO3 (trace element grade) was added and the tubes were loosely 

capped and placed on a digestion block that was heated to 1200° C. The slag, WTR and 

encapsulation clay samples were digested for 15 to 16 hours at 1200° C and then 

removed from the digestion block. After the samples were cooled down, 1mL of  

hydrogen peroxide (H2O2) was added to each tube, and the tubes were placed back on 

the block for 30 minutes. This step was repeated twice and the samples were then 

removed from the block to cool down. The sample volume was made sure to be brought 

to 50 mL, mixed and kept for three hours before the chemical analysis. 

  The concentration of all metals for TEA and the ones in SWLT/SCLT leachates 

were determined using a Varian Vista-MPX CCD Simultaneous ICP-OES (Thermo 

Jarrell Ash IRIS Advantage Inductively Coupled Plasma Optical Emission 

Spectrometer). All sampling equipment that contacted the leachate samples was acid-

cleaned, dried and stored in clean, sealed bags. Every 20 samples a blank reagent and 

every 10 samples a spiked sample was tested for calibration purposes. Minimum 

detection limits (MDLs) for ICP-OES were determined for each metal, and a set of 

calibration standards, according to the U.S. Code of Federal Regulations Title 40, was 

followed.   

SWLT/SCLT leachates were analyzed for Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, 

Li, Mn, Ni, Pb, and V. The metals selected for further discussion were Al, Cr, and As.  
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These three metals were selected based on TEA (presented in Table 3.2), and due to 

their elevated concentrations in SWLT/SCLTs, their potential risk to the environment 

and human health as well as their documented mobilities in groundwater (Fällman and 

Aurell, 2000, Lim et al. 2004, Jankowski et al. 2006, Komonweeraket et al. 2010).  

In humans and animals, sustained exposure to high levels of Al can cause bone 

abnormalities.  Cases of adverse respiratory tract effects, such as asthma, 

neuropyschiatric symptoms, like loss of coordination and loss of memory (Alzheimer’s 

disease), and problems with balance due to Al overexposure have also been reported in 

humans (U.S. FDA 2000, Healy et al. 2001, Krewski et al. 2007, Shaw and 

Tomljenovic 2013). Aluminum (Al) easily transits from solid to liquid phase at low pH 

values, and is quickly mobilized by acid rain, which results in its accumulation in plants 

and natural water systems. In plants, soluble Al can inhibit cell division and produce 

chromosomal aberrations and color changes due to phosphate deficiency and crop 

decrease (Manna and Parida 1965, Barabasz et al. 2002, ATSDR 2008).  

Chromium (III) (Cr3+) is nontoxic and provides necessary nutrition metal for 

plants and animals (Quina et al. 2009), whereas Cr (VI) is a toxic Cr species, an acute 

irritant for living cells and can be carcinogenic to humans from inhalation (Whalley et 

al. 1999).   

Arsenic (As), which is found in several different chemical forms and oxidation 

states, causes acute and chronic adverse health effects including cancer (Hughes 2002). 

Arsenic is toxic to the majority of organ systems, the most sensitive target organ being 

the kidney (Cohen et al. 2006). While chronic arsenic exposure affects the vascular 
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system and causes hypertension and cardiovascular disease, acute arsenic toxicity may 

cause cardiomyopathy and hypotension (Jomova et al. 2010). 

3.3.4 Modeling of Contaminant Transport in Surface Waters 

In the case of steel slag-amended embankments, the contamination of surface waters 

like rivers and streams is of concern. Usually, computer programs designed to model 

the flow of groundwater through multiple soil layers ignore the surface runoff that may 

occur at the embankment surface and instead assume that the entire precipitated water 

infiltrates through the pavement structure and soil vadose zone. 

Analytical solutions of the advection-dispersion equation (ADE) and related 

models are necessary to simulate contaminant transport processes in streams and rivers. 

The ADE distinguishes two transport modes: advective transport as a result of passive 

movement along with water, and dispersive/diffusive transport to account for diffusion 

and small-scale variations in the flow velocity, as well as any other processes that 

contribute to solute spreading.  

Van Genuchten (2013) developed one- and multi-dimensional solutions for the 

adversion-dispersion equation to define advective, dispersive, longitudinal transports 

and lateral dispersion.  These solutions were utilized to develop a numerical model, 

named UMDSurf herein, to estimate the concentration distributions as a function of 

distance.  

For one-dimensional transport, the solute flux Js can be written as; 

 

𝐽𝐽𝑠𝑠 = 𝑢𝑢𝑢𝑢 − 𝐷𝐷𝑥𝑥
𝜕𝜕𝑢𝑢
𝜕𝜕𝑥𝑥

        (3.1) 
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where u is the longitudinal fluid flow velocity, C is the solute concentration expressed 

as mass per unit volume of water, Dx is the longitudinal dispersion coefficient 

accounting for the combined effects of ionic or molecular diffusion and hydrodynamic 

dispersion, and x is the longitudinal coordinate.  

The mass balance equation is then formulated by considering the accumulation of 

the solute in a control volume over time as a result of the divergence of the flux (i.e., 

net inflow or outflow):  

𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

= −∇ × 𝐽𝐽𝑠𝑠 − 𝑅𝑅𝑠𝑠 + 𝑅𝑅𝑤𝑤𝑢𝑢𝑒𝑒       (3.2) 

 

where t is time and Rs represents arbitrary sinks or sources of solute; i.e. Rs<0 means 

consumption, whereas Rs>0 means the feeding of solute, while the last term denotes 

injection (> 0) or pumping (< 0) of water with constituent concentration Ce at a rate Rw. 

If these two last terms are ignored, the generally used ADE is obtained using the 

following equation: 

𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑥𝑥
𝜕𝜕2𝑢𝑢
𝜕𝜕𝑥𝑥2 − 𝑢𝑢

𝜕𝜕𝑢𝑢
𝜕𝜕𝑥𝑥

. 
      (3.3) 

However, natural processes such as biodegradation or inactivation, radioactive 

decay and production may affect the concentration of contaminants, and can all be 

included in the sink/source term, Rs, in Eq. (3.2). As long as this term is described in 

terms of linear processes, the transport problem can still be solved analytically. For a 

case involving one or several sets of zero- and first-order rate expressions, the 
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governing equation can be represented in the following form, where μ is a general first-

order decay rate, and γ is a zero-order production term: 

 

𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑥𝑥
𝜕𝜕2𝑢𝑢
𝜕𝜕𝑥𝑥2 − 𝑢𝑢

𝜕𝜕𝑢𝑢
𝜕𝜕𝑥𝑥

. 
      (3.4) 

 

In this study, a numerical one-dimensional solution of ADE with a third type inlet 

condition is used as (ω=1). The initial and boundary conditions are given below: 

 

𝑢𝑢(𝑥𝑥, 0) = 𝑓𝑓(𝑥𝑥)        (3.5) 

�𝑢𝑢𝑢𝑢 − 𝜔𝜔𝐷𝐷𝑥𝑥
𝜕𝜕𝑢𝑢
𝜕𝜕𝑥𝑥
�
𝑥𝑥=0+

= 𝑢𝑢𝑢𝑢(𝜕𝜕) 
    (3.6) 

𝜕𝜕𝑢𝑢
𝜕𝜕𝑥𝑥

(∞, 𝜕𝜕) = 0 𝑜𝑜𝑜𝑜 
𝜕𝜕𝑢𝑢
𝜕𝜕𝑥𝑥

(𝐿𝐿, 𝜕𝜕) = 0  
    (3.7) 

 There is a semi-infinite domain with uniform initial concentration, f(x) = Ci, 

and no production or decay is assumed to exist. The inlet concentration function, g(t), 

is of the pulse type (a Heaviside step function) with the constant concentration Co, and 

is written as follows: 

 

𝑢𝑢(𝜕𝜕) = �𝑢𝑢0, 0 < 𝜕𝜕 ≤ 𝜕𝜕0
0, 𝜕𝜕 ≥ 𝜕𝜕0

 
     (3.8) 

The solution of Equation 3.4 is given below: 
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𝑢𝑢(𝑥𝑥, 𝜕𝜕)

= �
𝑢𝑢𝑖𝑖 + (𝑢𝑢0 − 𝑢𝑢𝑖𝑖)𝐴𝐴(𝑥𝑥, 𝜕𝜕),   0 < 𝜕𝜕 ≤ 𝜕𝜕0

𝑢𝑢𝑖𝑖 + (𝑢𝑢0 − 𝑢𝑢𝑖𝑖)𝐴𝐴(𝑥𝑥, 𝜕𝜕) − 𝑢𝑢0𝐴𝐴(𝑥𝑥, 𝜕𝜕 − 𝜕𝜕0),    𝜕𝜕 ≥ 𝜕𝜕0
 
(3.9)  

Where 

𝐴𝐴(𝑥𝑥, 𝜕𝜕) =
1
2 𝑒𝑒𝑜𝑜𝑓𝑓𝑒𝑒 �

𝑥𝑥 − 𝑢𝑢𝜕𝜕
�4𝐷𝐷𝑥𝑥𝜕𝜕

� + 
 

�
𝑢𝑢2𝜕𝜕
𝜋𝜋𝐷𝐷𝑥𝑥

𝑒𝑒𝑥𝑥𝑒𝑒 �−
(𝑥𝑥 − 𝑢𝑢𝜕𝜕)2

4𝐷𝐷𝑥𝑥𝜕𝜕
� −

1
2
�1 +

𝑢𝑢𝑥𝑥
𝐷𝐷𝑥𝑥

+
𝑢𝑢2𝜕𝜕
𝐷𝐷𝑥𝑥

� 𝑒𝑒𝑥𝑥𝑒𝑒 �
𝑢𝑢𝑥𝑥
𝐷𝐷𝑥𝑥
� 𝑒𝑒𝑜𝑜𝑓𝑓𝑒𝑒 �

𝑥𝑥 + 𝑢𝑢𝜕𝜕
�4𝐷𝐷𝑥𝑥𝜕𝜕

� 
   (3.10) 

3.4 RESULTS 

3.4.1 Sequential Water Leach Tests (SWLT) 

Duplicate sequential batch water leach tests (SWLT) were conducted on steel slag (S), 

water treatment residual (WTR) and their mixtures. The leachates collected from the 

specimens were introduced into the encapsulation clay, and the tests were run for 

another 18 hours to simulate the flow of leachate through the encapsulation clay. Table 

3.3 summarizes the pH values and the leached metal concentrations from SWLT.  

Figure 3.5 shows that the addition of WTR decreases pH significantly; however, 

the rate of decrease drops with increasing WTR amounts. It is speculated that the WTR 

addition decreases the release of free lime (CaO), hydrated calcium silicate (C-S-H) 

and portlandite Ca(OH)2 from the steel slag, resulting in a decrease in pH. The WTR 

used in this study is an aluminum-based material and, thus, the reduction in Ca releases 

for the WTR-treated steel slag might be due to the formation of less soluble secondary 

mineral phases as a result of excess aluminum in the solution. As stated by Juenger et 
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al. (2006) and Ozkok et al. (2015), the formation of an aluminosilicate layer may have 

encapsulated the slag particles and hindered CaO hydration. 

The data in Table 3.3 show that the presence of an encapsulation layer can 

significantly influence the pH due to high adsorption and the buffering capacity of the 

clayey soils. Buffering capacity is the capacity of a soil to adsorb and/or desorb H+ and 

OH- ions. This means a soil can act as an acid or base, and thus show a resistance to 

pH changes. The buffer capacity is determined experimentally by measuring the pH 

change when a strong base or acid is added to a solution. Clay particles have a very 

large surface area compared to silt particles (Sparks, 2003). This relatively large surface 

area increases the contact time and influences the buffering effect, which ultimately 

reduces the pH and the concentration of the most elements (Sauer et al. 2012). Liu et 

al. (2008b) conducted column-leaching tests on several different types of soils and 

showed that clayey soils are likely to provide the largest buffering capacity for pH. 

Table 3.3 shows the concentrations of thirteen metals for pure S, the S-WTR 

mixture and the S-WTR-encapsulation clay system. The results show that, with an 

exception for Al, higher metal concentrations were observed for pure S than its 

mixtures with WTR and/or encapsulation clay.  All metal concentrations in leachates 

past through the S-WTR-encapsulation clay system are below the U.S. EPA maximum 

concentration limits for drinking waters (MCL), EPA water quality limits (WQL) and 

Maryland aquatic toxicity limits (ATL). The variation in concentrations of Al, Cr and 

As is plotted against WTR content in Figure 3.6. For Al and Cr, increasing WTR 

content results in decreased metal concentrations, and As concentrations remain below 

detection limits for all mixtures. 
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 The rate of decrease in metal concentrations, however, is different without a 

recognizably consistent variation, which is partially due to differences on metal 

concentrations based on total elemental analysis (Table 3.2). The decrease in metal 

concentrations is not linear with increasing WTR content, even though the mass of 

metals in soil mixture decreases approximately linearly with increasing WTR content. 

Therefore, the use of linear dilution calculations will underestimate the resulting metal 

concentrations leached from the soil mixtures. 

The effluent concentrations of aluminum (Al) are lower for the pure S than the 

S-WTR mixtures. This is due to very high aluminum content of the WTR compared 

with pure slag and the alkaline leachate pH. The solubility of Al is minimum at a pH 

of 6.5-7.0 and increases under alkaline conditions (Lim et al. 2004, Komonweeraket et 

al. 2010). The data in Figure 3.6 shows that the Al concentrations decrease even as the 

WTR amount is increased, since effluent pH decreases with increasing WTR content 

and Al remains insoluble. 

Chromium (Cr) concentrations within the leachate decrease with the addition 

of WTR. As seen in Table 3.2., Steel slag contains a significant amount of Cr, whereas 

the amount in WTR is negligible (1,300 mg/L versus <0.1 mg/L). However, the 

decrease in Cr concentrations is not linear due to a variation in pH. The solubility of Cr 

is highly dependent on the pH of the aqueous solution. Cr solubility is reported in the 

literature to follow mostly an amphoteric pattern (Komonweeraket et al. 2010, Cetin et 

al. 2014), i.e. mobility is very low at a neutral pH, but increases significantly at both 

acidic and basic conditions (Sparks, 2003).  
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Figure 3.5 Effect of WTR content and presence of encapsulation clay on pH of the 
slag mixtures. Note: SWTR designate the specimens prepared with different WTR 

percentages whereas SWTR-ENC designates specimens that are prepared by mixing 
encapsulation clay and effluent leachates from SWTR mixtures. 
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Table 3.3 Aqueous metal concentrations in SWLTs. Concentrations exceeding EPA WQL are in bold 
 

Notes: MCL= maximum contaminant levels for drinking water; MCL for Al is based on a secondary non-enforceable drinking water 
regulation; WQL= water quality limits for protection of aquatic life and human health in fresh water. MD ATL = Maryland State 
aquatic toxicity limits for fresh water; Concentrations exceeding MCLs in bold. NA=Not available; MDL= minimum detection limit. 

Sample WTR 
Content pH Al 

(mg/L) 
As 

(μg/L) 
B 

(μg/L) 
Ba 

(μg/L) 
Cd 

(μg/L) 
Co 

(μg/L) 
Cr 

(μg/L) 
Cu 

(μg/L) 
Li 

(μg/L) 
Mn 

(μg/L) 
Ni 

(μg/L) 
Pb 

(μg/L) 
V 

(μg/L) 

S-ENC 0 11.9 3.66 <10 36 35 <4 <3 51.95 <5 <2 59 45 385 25 

S10WTR-
ENC 10 9.94 14.7 <10 51 35 <4 <3 17.15 <5 <2 21 42 140 13 

S20WTR-
ENC 20 9.75 9.08 <10 35 37 <4 <3 15.8 <5 <2 23 35 120 10 

S30WTR-
ENC 30 8.68 0.91 <10 20 45 <4 <3 13 <5 <2 30 34 112 10 

S60WTR-
ENC 60 8.15 1.42 <10 16 35 <4 <3 15 <5 <2 32 29 216 14 

S80WTR-
ENC 80 7.22 <0.05 <10 3 76 <4 <3 12 <5 <2 750 32 325 15 

WTR-
ENC 100 6.01 <0.05 <10 5 170 <4 <3 <1 <5 <2 2810 30 136 13 

U.S .EPA MCL 0.2 10 NA 2000 5 NA 100 1300 NA 50 NA 15 NA 

U.S .EPA WQL 0.75 340 NA NA 2 NA 570 13 NA NA 470 65 NA 

MD ATL NA NA NA NA 2 NA 570 13 NA NA 470 65 NA 

MDL 0.05 10 5 10 4 3 1 5 2 1 10 5 10 
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Figure 3.6 Effect of WTR content on sequential water leach test concentrations of a) 
aluminum (Al), b) chromium (Cr), and c) arsenic (As). 0% and 100% WTR content 

corresponds to pure S and pure WTR specimens, respectively. 



 

 

51 
 

3.4.2 Sequential Column Leach Tests (SCLT) 

Figure 3.7 shows the temporal characteristics of effluent pH of the pure S and the S-

WTR mixtures, as well as the effluent pH after leaching through the encapsulation clay 

material. Considering the low hydraulic conductivity of the clay material (k= 1.01 x 

10-6 cm/s) compared with that of the pure slag (k= 9.3 x 10-4 cm/s) and S-WTR mixtures 

(k= 4.2 x 10-5 cm/s to 3 x 10-6 cm/s), all tests were continued until a minimum of 20 

pore volumes (PV) of flow were obtained to examine the behavior and persistency of 

pH.  Even though the pH levels of the influent solutions were kept between 6 and 6.5, 

the stabilized pH levels of the effluent solutions of pure or treated S were significantly 

high (pH>11). 

Pure steel slag has the highest pH (~12.6) and pH decreases with increasing 

WTR amounts (Figure 3.7). Similar to the observations made in SWLTs, the addition 

of WTR appears to have a significant effect on pH, and further decreases in pH can be 

obtained when the leachate passes through the encapsulating clay layer. These results 

also show that the clay reduces the system pH, regardless of the WTR percentage in 

the mixture, mainly due to the high buffering capacity of the clayey soils. It is 

speculated that the addition of WTR might have resulted in a decrease in pH, due to 

the formation of ettringite by coating the particles and preventing Ca2+ leaching (Ozkok 

et al. 2015). The elution curves for Ca2+, a significant indicator of change in pH, are 

given in Figure 3.8. 

Table 3.4 shows that concentrations of some of the metals that leach from pure 

slag or S-WTR mixtures exceed the groundwater quality limits set by EPA, but the 

concentrations decrease significantly after leachate percolates through the 
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encapsulating clay layer.  The leaching mechanisms are further discussed below in 

detail. 

Figure 3.9 shows a series of CLT elution curves for Al, Cr and As. Similar 

trends were observed for the remaining metals. Leaching of the Cr and As exhibits a 

first-flush leaching pattern, followed by stabilized concentrations. The first-flush 

pattern is related to release of the metals from the water-soluble fraction as well as from 

the sites which have lower adsorption energies (Bin-Shafique et al. 2006, Morar 2008). 

Sauer et al. (2012) reported that materials with a higher CaO content were more likely 

to exhibit a first-flush leaching pattern. The relatively high Ca content in steel slag 

(173,000 mg/L,Table 3.2) may be responsible for the first-flush behavior observed in 

the current study. 

Al exhibits an amphoteric pattern, i.e., higher leaching concentrations at 

extreme pH levels and lower concentrations at a near-neutral pH level (Langmuir 1997, 

Kenkel 2003).  A mixed trend in Al leaching is observed with the WTR amendment to 

steel slag due to relatively higher amounts of Al in the WTR (159,700 mg/L versus 10, 

600 mg/L, Table 3.2).  The WTR addition decreases the effluent pH below 12; 

however, large amounts of WTR (about 80% of total composition based on TEA) 

contribute to higher leached Al concentrations. The data in Table 3.5 show that the Al 

concentrations are elevated with an increase in WTR content; however, the 

concentrations decrease below detection limits when the effluent solution passes 

through the encapsulation clay layer and the pH drops below 7.5. This agrees with the 

results of other studies that showed Al leaching is the lowest at pH~7 and is the highest 

under very alkaline conditions (Lim et al. 2004, Komonweeraket et al. 2010). Sparks 
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(2003) also showed that aluminum is very insoluble at a neutral pH, and its solubility 

is controlled by dissolution-precipitation oxide and hydroxide minerals.  Fällman and 

Aurell (2000) performed CLTs and field lysimeter tests on steel slag and reported that 

the field Al concentrations were significantly lower than those in column tests, due to 

lower pH levels measured in the field.  Fällman and Aurell (1994) also reported that a 

pH change of approximately four units between column and lysimeter tests, resulting 

in a 100 times decrease in Al concentrations.  

Figure 3.9 shows that a decrease in the initial Cr metal concentrations occurs 

with an increasing WTR content. The solubility of Cr is highly dependent on the pH of 

the aqueous solution; i.e., Cr concentration is very low at a neutral pH, but increases 

significantly under very acidic and basic conditions. As seen in Table 3.4, the high pH 

of the slag leachate (pH ~12.6) causes an increase in peak Cr concentrations. Fällman 

(2000) performed a study to determine the controlling mechanism for chromium 

leaching from steel slag and showed that there are interdependencies between 

concentrations of barium, chromium, sulphur and calcium. Fruchter et al. (1990) 

indicated that aqueous concentrations of chromate (Cr6+) is controlled by solid 

solutions of barium sulphate (BaSO4) and solid solutions of Ba(S,Cr)O4. However, 

none of these are reported to exist as primary minerals in steel slag. No testing was 

conducted to identify the oxidation state of Cr speciation in the CLT leachates collected 

in the current study; however, Chaurand et al. (2007) claimed that Cr generally appears 

as Cr3+ in steel slag leachates due to the absence of pre-edge peak in the spectra, or an 

indicator of hexavalent chromium in the X-ray absorption near edge structure 

spectroscopy analysis (XANES). Pourbaix diagrams for the Cr-O-H system indicate 
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that the Cr measured in WLT and CLT leachates is likely to exist as Cr(OH)3 or 

Cr(OH)4
- for the pH conditions of between 7 and 12.5 present in the current study 

(Stumm and Morgan, 1996). This oxyanionic species cannot be adsorbed and is 

soluble; thus, Cr concentrations of the pure slag leachate are higher than the S-WTR 

mixtures. Increasing WTR content also decreases the pH; thus, Cr3+ exists in an 

amorphous Cr(OH)3 form, and the Cr concentration for both the effluent of slag-WTR 

mixture and the effluent passing through the encapsulation clay are below the detection 

limits. 

Jankowski et al. (2006) and Komonweeraket et al. (2010) pointed out that a 

change in pH from neutral to alkaline conditions also increases the As concentrations. 

The pH-dependency of As observed in the current study agrees with these findings 

(Table 3.4). The leaching of As tends to show an amphoteric leaching pattern and has 

a high affinity to exist in its anionic forms, such as HAsO4
2- or HAsO3

- (Narukawa et 

al. 2005, Ettler et al. 2009). At near-neutral pH conditions (pH=6-7.5), leaching of As 

is minimal due to the maximum adsorption of As metals onto soil surfaces. In addition, 

Kim et al. (2009) and Pandey et al. (2011) also indicated that As adsorption onto metal 

oxide minerals is very likely to occur at neutral pH levels minimizing the As 

concentration within the leachate.  Fe-oxides have a strong affinity for the As species 

due to a rapid adsorption reaction between As and Fe-oxides (Sadiq et al. 2002). 

Aluminum and iron oxides may have coated the surface of steel slag grains in the 

current study, reducing the leaching of trace metals at pH=6.8-7.0 when the leachate 

flowed through the encapsulation layer. Van der Hoek and Comans (1996) reported an 

over 100 times decrease in As concentrations when the pH was changed from 12 to 6 
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and showed that As leaching was controlled by adsorption onto hydrous ferric oxides 

(HFO). 

A chemical equilibrium modelling software, Visual MINTEQ v3.0, was utilized 

for estimating CaCO3 precipitation in slag leachates containing different Ca2+ 

concentrations.  Input Ca concentrations were determined based on the measured 

dissolved Ca2+ concentrations in the leachates from the column tests. 0.02 M Na+ and 

Cl- (background electrolytes) were entered for all estimations (no atmospheric CO2 

exposure, T=20ºC). pH was calculated based on “mass and charge balance”. 

Equilibrium conditions with the atmospheric CO2 was assumed and CO2 pressure was 

set to 0.00038 atm. Default databases that were available with the original software 

were used. 

Calcium carbonate (CaCO3) precipitation, also called “tufa formation”, occurs 

when steel slag leachates containing high concentrations of dissolved calcium are 

exposed to atmosphere. Calcium carbonate is a sparingly soluble compound and over 

time thick layers of calcium carbonate may result in clogging of the drainage system. 

The estimated amount of CaCO3 precipitation for the effluent leachates are given in 

Table 3.6. The results indicate that the CaCO3 precipitation significantly decreases with 

increasing WTR amount. Furthermore, no CaCO3 (tufa) precipitation occurs when steel 

slag is used as a S30-WTR mixture and the pH values as well as metal concentrations 

are stabilized. 
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Figure 3.7 Effluent pH in SCLTs. 
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Figure 3.8 Elution curves for Ca2+. 
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Table 3.4 Peak effluent pH and metal concentrations in SCLTs. Concentrations exceeding MCLs in bold. 
 

Sample WTR 
Content pH Al 

(mg/L) 
As 

(μg/L) 
B 

(μg/L) 
Ba 

(μg/L) 
Cd 

(μg/L) 
Co 

(μg/L) 
Cr 

(μg/L) 
Cu 

(μg/L) 
Li 

(μg/L) 
Mn 

(μg/L) 
Ni 

(μg/L) 
Pb 

(μg/L) 
V 

(μg/L) 

S 0 12.59 0.6 170 410 1000 <4 <3 73 14 230 1.4 <10 22 30 

S10WTR 10 12.23 173 146 290 840 <4 <3 18 58 81 6 15 15 30 

S20WTR 20 11.51 213 102 175 630 <4 <3 15 36 48 11 30 11 25 

S30WTR 30 11.10 240 70 73 120 <4 <3 3 100 20 35 40 8 20 

S10WTR-
ENC 10 7.30 0.70 <10 42 1081 <4 113 <1 <5 <2   23,000 60 <5 20 

S20WTR-
ENC 20 7.28 0.85 <10 40 1042 <4 109 <1 <5 <2 22,400 65 <5 20 

S30WTR-
ENC 30 7.23 0.81 <10 40 1070 <4 92 <1 <5 <2 23,500 60 <5 20 

U.S .EPA MCL 0.2 10 NA 2000 5 NA 100 1300 NA 50 NA 15 NA 

U.S .EPA WQL 0.75 340 NA NA 2 NA 570 13 NA NA 470 65 NA 

MD ATL NA NA NA NA 2 NA 570 13 NA NA 470 65 NA 

MDL 0.05 10 5 10 4 3 1 5 2 1 10 5 10 

Notes: MCL= maximum contaminant levels for drinking water; MCL for Al is based on a secondary non-enforceable drinking water regulation; 
WQL= water quality limits for protection of aquatic life and human health in fresh water. MD ATL = Maryland State aquatic toxicity limits for 
fresh water; NA=Not available; MDL= minimum detection limit 
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Table 3.5 Stabilized effluent pH and metal concentrations in SCLTs. Concentrations exceeding MCLs in bold. 
 

Sample WTR 
Content pH Al 

(mg/L) 
As 

(μg/L) 
B 

(μg/L) 
Ba 

(μg/L) 
Cd 

(μg/L) 
Co 

(μg/L) 
Cr 

(μg/L) 
Cu 

(μg/L) 
Li 

(μg/L) 
Mn 

(μg/L) 
Ni 

(μg/L) 
Pb 

(μg/L) 
V 

(μg/L) 
S 0 12.50 0.43 70 410 530 <4 <3 15 10 160 0.8 <10 21 10 

S10WTR 10 12.28 89 41 270 400 <4 <3 5 10 35 1.5 <10 13 10 

S20WTR 20 11.49 116 36 170 240 <4 <3 5 10 20 2 <10 10 10 

S30WTR 30 11.01 188 10 70 90 <4 <3 3 10 10 5 <10 8 10 
S10WTR-

ENC 10 7.24 <0.05 <10 30 420 <4 10 <1 <5 <2 6,580 <10 <5 10 

S20WTR-
ENC 20 7.24 <0.05 <10 30 410 <4 10 <1 <5 <2 6,650 <10 <5 10 

S30WTR-
ENC 30 7.23 <0.05 <10 30 400 <4 15 <1 <5 <2 6,500 <10 <5 10 

U.S .EPA MCL 0.2 10 NA 2000 5 NA 100 1300 NA 50 NA 15 NA 

U.S .EPA WQL 0.75 340 NA NA 2 NA 570 13 NA NA 470 65 NA 

MD ATL NA NA NA NA 2 NA 570 13 NA NA 470 65 NA 

MDL 0.05 10 5 10 4 3 1 5 2 1 10 5 10 

Notes: MCL= maximum contaminant levels for drinking water; MCL for Al is based on a secondary non-enforceable drinking water regulation; 
WQL= water quality limits for protection of aquatic life and human health in fresh water. MD ATL = Maryland State aquatic toxicity limits for 
fresh water; NA=Not available; MDL= minimum detection limit 
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Figure 3.9 CLT elution curves for a) aluminum, b) chromium, c) arsenic. 
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Table 3.6 Estimation of CaCO3 precipitation for the effluent leachates 
 

Sample 
Peak Ca2+-

concentration 
(mg/L) 

Estimated Peak 
CaCO3 

Precipitation 
(mg/L) 

Stabilized 
Ca2+-

concentration 
(mg/L) 

Estimated 
Stabilized CaCO3 

Precipitation 
(mg/L) 

S 848 2050 796 1920 

S30WTR 341 782 284 639 
S30WTR-

ENC 189 402 10 0 

Note: S=Steel slag; WTR=water treatment residual; ENC= encapsulation clay.  Calcium 
carbonate precipitation was estimated based on measured Ca2+ concentrations using Minteq 
Visual v3.1
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3.4.3 Chemical Transport Modeling (UMDSurf) 

Figure 3.10 presents the UMDSurf-predicted concentrations of aluminum, chromium 

and arsenic in the stream after 20, 50, 100, 200, 500 and 1000 seconds. The results are 

obtained based on the assumptions of an instantaneous injection (t= 10 s) of 2.2 lbs (1 

kg) solute in the main channel of a river having a cross-section of 107 ft2 (10 m2), an 

average flow velocity of 3.2 ft/s (1 m/s) and a dispersion coefficient of 54 ft2/s (5 m2/s) 

per recommendations of De Smedt et al. (2005) and van Genuchten (2013). The 

maximum concentrations obtained by the column tests are used as the input 

concentration at t=0 sec.  

 The variation of Al, Cr and As concentrations at different horizontal distances 

from the point of contact, the corner of the embankment, is presented in Figure 3.10. 

As expected, metal concentrations decrease significantly with time and distance from 

the surface of the S-WTR-ENC system. For all cases, at 20 m horizontal distance from 

the corner of the embankment, the concentrations decrease to 50% of the initial 

concentration. Moreover, concentrations of all metals are lower than the EPA WQLs 

at all locations. 

 For pure steel slag, Al concentrations at 1000 m away from the corner of the 

embankment decrease to 13 μg/L, which is significantly lower than the EPA MCL limit 

(200 μg/L). For steel slag leachate, EPA MCL can be achieved at 50 m, whereas the 

leachate of S30WTR percolating through encapsulation layer decreases to the EPA 

MCL at 80 m from the corner of the embankment.  The data in Figure 3.10 also suggests 

that the first-flush effect is minimized by the addition of WTR to slag, with the 

exception of aluminum due to very high Al content of the WTR material itself. 
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Encapsulation of the embankment with a clayey soil (borrow material) decreases the 

concentrations to acceptable limits in surface waters. 

Similar trends can be observed for the Cr concentrations. At 20 m from the 

corner of the embankment, both the EPA MCL and WQL are satisfied. It should be 

noted that the rate of decrease increases if the initial concentration is higher. When 

S30WTR instead of 100% slag is used, the concentrations in surface waters are below 

the EPA MCL and WQL.  The presence of an encapsulation clay layer further decreases 

the Cr concentrations. 

 As concentrations in a stream, will be strongly affected by the treatment and the 

method of construction. If pure S is used, the concentrations would decrease to EPA 

MCL at approximately 500 m from the corner of the embankment, whereas for the 

S30WTR mixture, it would take 100 m to reach the same concentration levels. When 

S30WTR leachate percolates through the encapsulation layer, As concentrations 

throughout the length of the stream remain below the EPA MCL. 
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Figure 3.10 Surface water concentrations of a) aluminum, b) chromium, c) arsenic 
with increasing horizontal distance. 
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3.5 CONCLUSIONS 

A laboratory study was conducted to investigate the leaching characteristics of pure or 

WTR-amended steel slag in surface waters near highway embankments. The effects of 

WTR addition to steel slag, and presence of an encapsulating clay layer on pH and 

metal concentrations were studied through laboratory leaching tests. The observations 

from the current study are as follows: 

• The results of sequential water leach tests showed that increasing WTR 

percentage results in a decrease in pH. Flow of this leachate past through an 

encapsulation clay further decreases the pH.  

• Aluminum concentration increased when WTR amount increased from 0 to 10 

% due to high alum content of WTR, however, then decreased with increasing 

WTR percentage due to its amphoteric nature. Chromium concentrations 

decreased with increasing WTR content, whereas As concentrations remained 

below the EPA MCLs. 

• The results of sequential column leach tests indicated that an increase in WTR 

decreased the pH; however, WTR percentage did not have a significant effect 

on final pH values once the leachate percolated through the encapsulation layer. 

• Al-concentrations increased dramatically with addition of alum-rich WTR but 

decreased significantly once the leachate past through the encapsulation clay 

layer. It should be noted that Al is on the EPA list of secondary drinking water 

regulations, and there are no limits for Al specified in Maryland groundwater 
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protection guidelines. Both Cr and As concentrations were below EPA MCLs 

after percolating through the encapsulation layer. 

• The results of chemical transport model showed that approximately 40 m away 

from the corner of the embankment, metal concentrations decreased by 50%. 

At that distance, Al concentrations also remained below the EPA limits. 
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4 EXPERIMENTAL EVALUATION OF TRACE METAL 

LEACHING FROM STEEL SLAG INTO 

GROUNDWATER 

4.1 INTRODUCTION 

Utilization of steel slag in embankment construction has been documented in earlier 

studies (van der Sloot 1991, Ghionna et al. 1996, Havanagi et al. 2012). Most of these 

studies focused on the mechanical improvement of steel slag and limited information 

was available for its chemical behavior when used in embankment construction (Gomes 

and Pinto et al. 2006, Grubb et al. 2013). Water quality is a critical measure of the 

Chesapeake Bay’s health, thus strict limits on pH (6.5-8.5) and leached metal 

concentrations have been set by the Maryland Department of Environment (MDE).  

Previous research has shown that steel slag can be a good alternative to natural 

aggregates; however, it contains low to medium level concentrations of potential toxic 

elements, including chromium and arsenic (Apul et al. 2005, Cornelis et al. 2011, 

Grubb et al. 2011). As rainwater percolates down through the profile, trace elements 

that leach from steel slag may migrate downward through the subgrade soils and may 

contaminate the groundwater table. Thus, effect of subgrade soil characteristics on the 

leachate should be evaluated carefully. 

The objective of this study was to evaluate the leaching potential of pure or 

treated steel slag and to assess their potential impact on groundwater through laboratory 

tests and computer modeling. The effect of underlying foundations on potential field 
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performance was evaluated through inclusion of five Maryland subgrades with varying 

physicochemical characteristics in the testing program. 

4.2 MATERIALS 

The same steel slag (S), water treatment residual (WTR) and encapsulation clay 

(borrow material-ENC) employed in the testing described in Chapter 3 were used.  In 

addition, five subgrade soils with different plasticity and cation exchange capacities 

were used to simulate the flow of steel slag leachate through subgrade layers and to 

evaluate the effect of soil plasticity on the contaminant behavior. The physical and 

chemical properties of all materials are summarized in Table 4.1 and Table 4.2. Table 

4.3 provides the list of slag-WTR mixtures that are used in the current study along with 

their leaching test combination. 

4.3 METHODS 

4.3.1 Laboratory Leaching Tests 

The procedures listed in Section 3.3.1 for the sequential water leach tests (SWLTs) 

were followed.  To simulate the flow of leachate through subgrade soil, the leachate 

collected from encapsulating clay was put into another centrifuge tube, dry subgrade 

soil was added, and the samples were rotated for another 18 hours. After pH and EC 

measurements, the samples were acidified to pH <2 with 2% HNO3. A sketch for the 

SWLT is given in Figure 4.1. Before use, all equipment (centrifuge tubes, filter holders, 

syringes, etc.) were washed with 2% HNO3 acid solutions and rinsed with DI water. 

All samples were stored at 4 Cº before the chemical analysis. Duplicate WLTs were 

conducted on all mixtures for each soil specimen. 
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Table 4.1 Physical properties of the steel slag, water treatment residual, encapsulation clay and subgrade soils. 

Material Gs FC (%) LL (%) IP (%) USCS 
Classification wn (%) wopt (%) γdry-max  

pcf (kN/m3) 

Steel Slag (S) 3.45 12 NP NP SP-SM 10 13.5 141 
(22.2) 

Water Treatment Residual 
(WTR) 1.88 77 NP NP SM 385 42 65 

(10.25) 

Encapsulation Soil 2.66 71 50 22 CL-CH 17 26 104 
(16.4) 

Subgrade Soil 1 2.68 53 24 6 CL-ML 12 17 114 
(17.95) 

Subgrade Soil 2  2.68 66 30 12 CL 10 12 121 
(19.35) 

Subgrade Soil 3 2.70 75 37 18 CL 13 16 115 
(18.08) 

Subgrade Soil 4 2.66 69 29 16 OL - 24 93 
(14.65) 

Subgrade Soil 5 2.72 93 62 37 CH - 19 103 
(16.1) 

Note: Gs: specific gravity FC: Fines Content LL: Liquid Limit Ip: plasticity index, NP: non-plastic, wn: natural water content, wopt: 
optimum moisture content, γdry-max: maximum dry unit weight. 
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Table 4.2 Chemical properties of the steel slag, water treatment residual, encapsulation 
clay and subgrade soils. 

Material 
Steel Slag 

(2YS) 
(mg/L) 

Water Treatment 
Residual (WTR) 

(mg/L) 

Encapsulation 
Soil 

(mg/L) 

pH 12.4 6.9 5.9 

Cation Exchange Capacity, 
 CEC  

(meq/100gr) 
- 32.6 72.5 

P 2100 2100 262 
K 19400 2600 2350 
Ca 173000 5100 1940 
Mg 50900 3000 6300 
S 617 4700 110 

Zn 189 98.1 142 
B 41.6 10.4 4.57 

Mn 18100 4300 885 
Fe 113900 22600 53700 
Cu 19.7 56.4 61.7 
Al 10600 159700 47700 
Na 299 284 106 
Cd <0.4 <0.4 <0.4 
Co 1.90 12.2 29.1 
Cr 1300 <0.1 37.0 
Mo 1.57 2.41 <0.4 
Ni <0.3 6.18 17.4 
Pb 16.0 <2 <2 
Li 16.7 24.2 13.0 
As <3 13.0 3.24 
Se <3 <3 <3 
Ba 68.5 210 98.6 
V 500 41.5 138 
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Table 4.2 (cont’d) Chemical properties of the steel slag, water treatment residual, 
encapsulation clay and subgrade soils. 

Material 
Soil 1 

(CL-ML) 
(mg/L) 

Soil 2 
(CL-

Acidic) 
(mg/L) 

Soil 3 
(CL-

Neutral) 
(mg/L) 

Soil 4 
(OL) 

(mg/L) 

Soil 5 
(CH) 

(mg/L) 

pH 6.3 3.8 6.2 6.0 5.8 

Cation Exchange 
Capacity, CEC 
(meq/100gr) 

38.4 69.1 58.5 63.7 117.1 

P 760 115 428 3600 569 
K 3040 900 4975 7500 5900 
Ca 9300 250 1494 24600 30730 
Mg 3000 245 4527 3500 4306.7 
S 238 99 55  - 407.7 

Zn 50.4 26.3 70.2 132.5 67.6 
B <2 <2 <2 46 12 

Mn 893 32 1,623 216 443.2 
Fe 40300 14700 43293 6010 27016 
Cu 44.6 16.2 22 29.1 16.0 
Al 39000 9050 34000 13500 40239 
Na 495 46 75 1100 1150 
Cd <0.4 <0.4 <0.4 0.7 <0.4 
Co 26.9 7.3 33.9 2.2 9.8 
Cr 40.5 240.9 58.7 17.1 57.1 
Mo <0.4 <0.4 <0.4 1.4 <0.4 
Ni 12.8 10.3 22.1 11.2 18.5 
Pb 4.3 <2 21.8 53.2 <2 
Li 21.9 6.4 80.6 -  30.0 
As <3 <3 11.8 3.2 8.9 
Se <3 <3 <3 1.4 <3 
Ba 141.8 35 91.7 139.0 171.1 
V 52.9 49 65.1 20.0 55.0 
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Table 4.3 Legend and Combination of the Materials and Mixtures 

Legend of Mixture 
Slag 

Content 
(%) 

WTR 
Content 

(%) 

Subgrade Soil 
Type 

S-1 100 0 Soil 1-CL-ML 
S10WTR-1 90 10 Soil 1-CL-ML 
S20WTR-1 80 20 Soil 1-CL-ML 
S30WTR-1 70 30 Soil 1-CL-ML 
S60WTR-1 40 60 Soil 1-CL-ML 
S80WTR-1 20 80 Soil 1-CL-ML 

WTR-1 0 100 Soil 1-CL-ML 
S-2 100 0 Soil 2-CL-Acidic 

S10WTR-2 90 10 Soil 2-CL-Acidic 
S20WTR-2 80 20 Soil 2-CL-Acidic 
S30WTR-2 70 30 Soil 2-CL-Acidic 
S60WTR-2 40 60 Soil 2-CL-Acidic 
S80WTR-2 20 80 Soil 2-CL-Acidic 

WTR-2 0 100 Soil 2-CL-Acidic 
S-3 100 0 Soil 3-CL-Neutral 

S10WTR-3 90 10 Soil 3-CL-Neutral 
S20WTR-3 80 20 Soil 3-CL-Neutral 
S30WTR-3 70 30 Soil 3-CL-Neutral 
S60WTR-3 40 60 Soil 3-CL-Neutral 
S80WTR-3 20 80 Soil 3-CL-Neutral 

WTR-3 0 100 Soil 3-CL-Neutral 
S-4 100 0 Soil 4-OL 

S10WTR-4 90 10 Soil 4-OL 
S20WTR-4 80 20 Soil 4-OL 
S30WTR-4 70 30 Soil 4-OL 
S60WTR-4 40 60 Soil 4-OL 
S80WTR-4 20 80 Soil 4-OL 

WTR-4 0 100 Soil 4-OL 
S-5 100 0 Soil 5-CH 

S10WTR-5 90 10 Soil 5-CH 
S20WTR-5 80 20 Soil 5-CH 
S30WTR-5 70 30 Soil 5-CH 
S60WTR-5 40 60 Soil 5-CH 
S80WTR-5 20 80 Soil 5-CH 

WTR-5 0 100 Soil 5-CH 
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Figure 4.1 Sequential Water Leach Test (SWLT) setup 
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The procedures listed in Section 3.3.2 were followed for the sequential column leach 

tests (SCLTs), with an exception of the second column being filled with both the 

encapsulation and subgrade clays.  SCLT setup is shown in Figure 4.2, whereas the 

conceptual model for flow of leachate through the subgrade soil is given in Figure 4.3.  

The chemical analyses were conducted in conformance with the methodology 

provided in Chapter 3.3.3.  SWLT/SCLT leachates were analyzed for Aluminum (Al), 

Arsenic (As), Boron (B), Barium (Ba), Calcium (Ca), Chromium (Cr), Copper (Cu), 

Lithium (Li), Manganese (Mn), Nickel (Ni). Lead (Pb) and Zinc (Zn). The metals 

selected for further discussion were Al, Zn, Pb, Cu, Ba and B.   These six metals were 

selected based on the total elemental analyses presented in Table 4.2, due to their 

elevated concentrations in SWLT/SCLTs, their potential risk to the environment and 

human health, as well as their documented mobilities in groundwater (Praharaj et al. 

2002, Bankowski et al. 2004, Kim 2006, Jankowski et al. 2006, Goswami and Mahanta 

2007, Quina et al. 2009, Chavez et al. 2010). In humans, Boron (B) can cause many 

effects such as vomiting, redness of the skin, nausea, difficulty swallowing and 

diarrhea. In animals, fast and excessive exposure to B may result in rapid respiration, 

inflammation of body parts, swelling of the paws and potential effects to the 

reproductive organs (Ischii et al. 1993, Wegman et al. 1994, U.S. EPA 2008). 

Hypertension is reported as a side effect of long-term Barium (Ba) exposure in humans 

(Perry et al. 1989, Wones et al. 1990). Exposure to Potassium (K) in conjunction with 

Ba may result in adverse cardiac, gastroenteritial and skeletal effects in human body 

(U.S. EPA 1990). Copper (Cu) and zinc (Zn) metals are listed in the priority list by 
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Figure 4.2 Sequential Column Leach Test (SCLT) setup 
 

INFLUENT
0.02 M
NaCl PURE

or
WTR TREATED

STEEL SLAG

SUBGRADE

ENCAPSULATION
CLAY

7.76cm
(3.05")

3.88cm
(1.53")

11.64cm
(4.58")



 

 

75 
 

 
   
 

 
. 

Figure 4.3 Conceptual model for flow of leachate into groundwater (Adapted from 
Cetin et al, 2013) 
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U.S.EPA. These two metals are very soluble, do not easily degrade in the nature and 

can accumulate in animals, plants or humans in long term (Svilovic et al. 2009, 

Elsayed-Ali et al. 2011).  

The metals also represent different mobilities. For instance, at the pH values 

typical of pure and WTR-treated steel slag (pH = 10.0–12.5), Aluminum (Al) forms 

hydroxyl compounds and their attachment to the soil surface depends on its solubility 

level (Sparks 2003), whereas Ba and B concentrations mostly depend on the presence 

of the metal source within the mixture (Bankowski et al.  2004). Lead (Pb) was chosen 

as the sixth metal because it is a persistent pollutant in solid and aqueous phases, and 

is considered a major environmental hazard. Pb has been recognized for many adverse 

health effects, and yet the molecular processes underlying lead toxicity are still poorly 

understood. Due to the general nature of the symptoms, Pb poisoning is quite difficult 

to diagnose (U.S. EPA 2006). Lead toxicity affects the central and peripheral nervous 

systems, renal function and the vascular system (Patrick 2012). Arsenic (As) and 

Chromium (Cr) were not selected for analysis because of their very low aqueous 

concentrations measured in SCLTs in Chapter 3. 

4.3.2 Modeling of Contaminant Transport in Groundwater 

The transport of metals in a highway environment was simulated using WiscLEACH, 

a numerical model for simulating water and solute movement in two-dimensional 

variably saturated media (Li et al. 2007, Cetin et al. 2014). Three analytical solutions 

to the advection-dispersion-reaction equation (ADRE) were combined in WiscLEACH 

to develop a method for assessing impacts to groundwater caused by leaching of trace 

elements from steel slags used in highway layers. WiscLEACH simulations were 
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conducted to study the concentration profiles in soil vadose zones and in groundwater 

(e.g., at the centerline of the pavement structure and at the vicinity of point of 

compliance). Contours of trace metals were developed at different years as a function 

of the depth to groundwater, the thickness of the base layer, the percent steel slag by 

weight, the hydraulic conductivity of the base layer, the hydraulic conductivity of the 

aquifer material and the initial concentration of the metal in steel slag.  Input to the 

model included the annual precipitation rate in Maryland, obtained from the National 

Weather Service records, the point of compliance and physical properties of the 

pavement layers, which were selected according to the Maryland SHA roadway design 

manual (MD-SHA, 2004), and transport parameters and hydraulic conductivities, 

which were determined via laboratory tests conducted in the current study. 

WiscLEACH assumes all materials in the profile are homogeneous and 

isotropic. Precipitation falling on the pavement surface, the shoulders and the 

surrounding ground either infiltrates into the ground surface or runs off (Li et al. 2007). 

As water percolates down through the profile, trace elements leach from the steel slag 

migrate downward through the subgrade soils until they reach the groundwater table. 

Flow in the slag and subgrade is assumed to occur only in the vertical direction. Steady 

one dimension (1D) unit gradient flow is assumed to occur in the pavement layers and 

the vadose zone, with the net infiltration rate controlled by both the least conductive 

layer in the profile and by the annual precipitation rate. Surface runoff and evaporation 

are not considered. Infiltration of runoff along the edges of the pavement structure is 

not considered. 



 

 

78 
 

Transport in the vadose zone is assumed to follow ADRE for 1D steady state vertical 

flow with 2D dispersion and linear, instantaneous and reversible adsorption. Trace 

elements that reach the groundwater table are transported horizontally and vertically, 

although the flow of groundwater is assumed to occur predominantly in the horizontal 

direction. Steady saturated groundwater flow is assumed, and transport in groundwater 

is assumed to follow ADRE. Chemical and biological reactions that may consume or 

transform trace elements are assumed to be absent.  Further details on WiscLEACH are 

provided by Li et al. (2007). 

4.4 RESULTS 

4.4.1 Sequential Water Leach Tests (SWLT) 

Table 4.4 to Table 4.8 show that adding WTR to slag decreases pH significantly with 

all types of subgrade soils; however, the rate of decrease reduces with an increasing 

WTR amount (Figure 4.4). As mentioned in Chapter 3, an increase in WTR amount 

decreases the release of free lime (CaO), hydrated calcium silicate (C-S-H) and 

portlandite Ca(OH)2 from slag. The formation of an aluminosilicate layer, which 

encapsulated slag particles and hindered CaO hydration, results in a drop in pH.   

Figure 4.4 shows that the pH value of the leachate passed through the 

encapsulation and subgrade soils decreases drastically. The effluent leachate pH values 

are in agreement with the material pH values of the subgrade soils. Consequently, Soil 

2, which is a clayey subgrade (CL, Ip= 12) consistently provides a lower pH than all 

the other subgrades.  Sparks (2003), and Wan Zuhairi et al. (2008) also showed that 

plastic soils exhibit higher buffering capacities for pH.  In addition to its relatively    
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Figure 4.4 Effect of WTR content and subgrade properties on pH of the leachates 
past through the subgrade soils . Note: SWTR designate the specimens prepared with 
different WTR percentages whereas SWTR-1,2,3,4 and 5 designate specimens that 
are prepared by mixing effluent leachates from the SWTR mixtures with subgrade 

soils 1 to 5. 
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Table 4.4 Aqueous metal concentrations in SWLTs for Subgrade Soil 1 (CL-ML). Concentrations exceeding MCLs in bold. 

Sample WTR 
Content pH Al 

(mg/L) 
Zn 

(mg/L) 
Pb 

(μg/L) 
Cu 

(μg/L) 
Ba 

(μg/L) 
B 

(μg/L) 
As 

(μg/L) 
Cr 

(μg/L) 
Li 

(μg/L) 
Mn 

(μg/L) 
Ni 

(μg/L) 
S-1 0 11.93 3.98 2.3 387 80 19 36 <10 46 <2 58.2 39 

S10WTR-1 10 10.1 13.65 2.02 135 65 12.5 139 <10 25 <2 13.9 37 

S20WTR-1 20 9.66 7.6 1.71 109 41 21 63 <10 16.4 <2 20.1 32 

S30WTR-1 30 9.00 3.96 1.16 69 28 30 52 <10 13.7 <2 31.0 29 

S60WTR-1 60 7.46 0.02 0.72 168 7.26 12.9 7.02 <10 7.1 <2 34.3 26 

S80WTR-1 80 7.27 0.03 0.69 175 5.67 3 0.235 <10 6.6 <2 179.8 24 

WTR-1 100 6.02 0.3 0.9 136 15 91 4.7 <10 4.2 <2 2755 24 

U.S .EPA MCL 0.2 5.0 15 1300 2000 NA 10 100 NA 50 NA 

U.S .EPA WQL 0.75 0.12 65 13 NA NA 340 570 NA NA 470 

MD ATL NA 0.12 65 13 NA NA NA 570 NA NA 470 

MDL 0.05 0.001 5 5 10 5 10 1 2 1 10 
Notes: S=Slag; 1=Soil 1; MCL= maximum contaminant levels for drinking water; MCL for Al is based on a secondary non-
enforceable drinking water regulation; WQL= water quality limits for protection of aquatic life and human health in fresh water; MD 
ATL = Maryland State aquatic toxicity limits for fresh water; MDL = Minimum detection limits; NA = Not available.
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Table 4.5 Aqueous metal concentrations in SWLTs for Subgrade Soil 2 (CL-Acidic). Concentrations exceeding MCLs in bold. 

Sample WTR 
Content pH Al 

(mg/L) 
Zn 

(mg/L) 
Pb 

(μg/L) 
Cu 

(μg/L) 
Ba 

(μg/L) 
B 

(μg/L) 
As 

(μg/L) 
Cr 

(μg/L) 
Li 

(μg/L) 
Mn 

(μg/L) 
Ni 

(μg/L) 
S-2 0 11.9 4.1 2.25 400 75 17.8 36 <10 44 <2 55 <10 

S10WTR-2 10 10.0 13.56 1.98 110 62 11.53 141 <10 20 <2 9.7 <10 

S20WTR-2 20 9.25 7.1 1.45 63 32 24.6 73 <10 13.8 <2 13.6 <10 

S30WTR-2 30 7.18 0.3 0.82 45 8 50.4 45 <10 8.7 <2 29.3 <10 

S60WTR-2 60 4.65 1.22 2.36 138 65 53 13 <10 6.2 <2 79.2 <10 

S80WTR-2 80 4.43 0.86 3.28 149 68 69.9 6.82 <10 3.4 <2 1898 <10 

WTR-2 100 4.33 1.55 4.6 145 68 112 5 <10 32.7 <2 2325 <10 

U.S .EPA MCL 0.2 5.0 15 1300 2000 NA 10 100 NA 50 NA 

U.S .EPA WQL 0.75 0.12 65 13 NA NA 340 570 NA NA 470 

MD ATL NA 0.12 65 13 NA NA NA 570 NA NA 470 

MDL 0.05 0.001 5 5 10 5 10 1 2 1 10 
 
Notes: S=Slag; 2=Soil 2; MCL= maximum contaminant levels for drinking water; MCL for Al is based on a secondary non-
enforceable drinking water regulation; WQL= water quality limits for protection of aquatic life and human health in fresh water; MD 
ATL = Maryland State aquatic toxicity limits for fresh water; MDL = Minimum detection limits; NA = Not available.
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Table 4.6 Aqueous metal concentrations in SWLTs for Subgrade Soil 3 (CL-Neutral). Concentrations exceeding MCLs in bold. 

Sample WTR 
Content pH Al 

(mg/L) 
Zn 

(mg/L) 
Pb 

(μg/L) 
Cu 

(μg/L) 
Ba 

(μg/L) 
B 

(μg/L) 
As 

(μg/L) 
Cr 

(μg/L) 
Li 

(μg/L) 
Mn 

(μg/L) 
Ni 

(μg/L) 
S-3 0 11.8 4.16 2.46 456 86 23 39 <10 41.4 <2 72.4 43 

S10WTR-3 10 9.48 10.86 2.18 269 79 22.6 102 <10 32.0 <2 40.9 40 

S20WTR-3 20 9.11 8.41 1.79 174 44 36.1 56 <10 20.6 <2 33.6 31 

S30WTR-3 30 8.49 3.90 0.79 128 17 56.2 43 <10 17.24 <2 36.7 27 

S60WTR-3 60 7.89 1.01 0.65 71 11 79.0 17 <10 11.45 <2 67.1 23 

S80WTR-3 80 7.37 0.90 0.60 61 14 86.0 7.6 <10 10.56 <2 126.1 22 

WTR-3 100 6.34 0.94 0.61 64 16 103 6.9 <10 14.49 <2 2996 23 

U.S .EPA MCL 0.2 5.0 15 1300 2000 NA 10 100 NA 50 NA 

U.S .EPA WQL 0.75 0.12 65 13 NA NA 340 570 NA NA 470 

MD ATL NA 0.12 65 13 NA NA NA 570 NA NA 470 

MDL 0.05 0.001 5 5 10 5 10 1 2 1 10 
 
Notes: S=Slag; 3=Soil 3; MCL= maximum contaminant levels for drinking water; MCL for Al is based on a secondary non-
enforceable drinking water regulation; WQL= water quality limits for protection of aquatic life and human health in fresh water; MD 
ATL = Maryland State aquatic toxicity limits for fresh water; MDL = Minimum detection limits; NA = Not available.
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Table 4.7 Aqueous metal concentrations in SWLTs for Subgrade Soil 4 (OL). Concentrations exceeding MCLs in bold. 

Sample WTR 
Content pH Al 

(mg/L) 
Zn 

(mg/L) 
Pb 

(μg/L) 
Cu 

(μg/L) 
Ba 

(μg/L) 
B 

(μg/L) 
As 

(μg/L) 
Cr 

(μg/L) 
Li 

(μg/L) 
Mn 

(μg/L) 
Ni 

(μg/L) 
S-4 0 11.7 3.84 3.18 478 89 41 40 <10 37.9 <2 69.1 <10 

S10WTR-4 10 9.31 12.15 3.06 312 82 30.7 109 <10 31.1 <2 30.93 <10 

S20WTR-4 20 8.96 8.70 2.24 232 56 29.6 64 <10 19.6 <2 36.8 <10 

S30WTR-4 30 8.41 4.05 2.12 179 16 59.0 47 <10 14.2 <2 32.1 <10 

S60WTR-4 60 7.76 1.44 1.43 124 13 80.2 19 <10 9.98 <2 46.2 <10 

S80WTR-4 80 7.43 1.16 0.96 86 16 87.4 10.3 <10 10.01 <2 103.8 <10 

WTR-4 100 6.46 1.01 0.91 91 10 106.4 8.5 <10 9.56 <2 2644 <10 

U.S .EPA MCL 0.2 5.0 15 1300 2000 NA 10 100 NA 50 NA 

U.S .EPA WQL 0.75 0.12 65 13 NA NA 340 570 NA NA 470 

MD ATL NA 0.12 65 13 NA NA NA 570 NA NA 470 

MDL 0.05 0.001 5 5 10 5 10 1 2 1 10 
Notes: S=Slag; 4=Soil 4; MCL= maximum contaminant levels for drinking water; MCL for Al is based on a secondary non-
enforceable drinking water regulation; WQL= water quality limits for protection of aquatic life and human health in fresh water; MD 
ATL = Maryland State aquatic toxicity limits for fresh water; MDL = Minimum detection limits; NA = Not available.
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Table 4.8 Aqueous metal concentrations in SWLTs for Subgrade Soil 5 (CH). Concentrations exceeding MCLs in bold. 

Sample WTR 
Content pH Al 

(mg/L) 
Zn 

(mg/L) 
Pb 

(μg/L) 
Cu 

(μg/L) 
Ba 

(μg/L) 
B 

(μg/L) 
As 

(μg/L) 
Cr 

(μg/L) 
Li 

(μg/L) 
Mn 

(μg/L) 
Ni 

(μg/L) 
S-5 0 11.8 4.27 2.46 369 81 51.15 36 <10 41.4 <2 36.4 <10 

S10WTR-5 10 9.52 14.45 2.31 128 69 49.8 144 <10 31.1 <2 15.2 <10 

S20WTR-5 20 9.06 7.98 2.02 96 55 54.6 103 <10 27.0 <2 16.4 <10 

S30WTR-5 30 8.68 4.12 1.89 57 21 62.1 84 <10 19.1 <2 18.0 <10 

S60WTR-5 60 8.02 1.69 1.74 49 20 79.4 46 <10 12.4 <2 29.1 <10 

S80WTR-5 80 7.79 1.54 1.45 32 18 92.0 32 <10 7.6 <2 69.85 <10 

WTR-5 100 7.43 1.14 1.04 24 16 136.9 21 <10 6.55 <2 1760 <10 

U.S .EPA MCL 0.2 5.0 15 1300 2000 NA 10 100 NA 50 NA 

U.S .EPA WQL 0.75 0.12 65 13 NA NA 340 570 NA NA 470 

MD ATL NA 0.12 65 13 NA NA NA 570 NA NA 470 

MDL 0.05 0.001 5 5 10 5 10 1 2 1 10 
 
Notes: S=Slag; 5=Soil 5; MCL= maximum contaminant levels for drinking water; MCL for Al is based on a secondary non-
enforceable drinking water regulation; WQL= water quality limits for protection of aquatic life and human health in fresh water; MD 
ATL = Maryland State aquatic toxicity limits for fresh water; MDL = Minimum detection limits; NA = Not available.
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higher plasticity, the lower initial pH of the CL soil (pH 3.8, Table 4.2) may be the 

reason for observing lower leachate pHs with this soil during SWLTs. 

According to the Maryland Soil Map, CL soils are identified as B1 type soils 

with pH “varying largely from neutral to extremely acidic” (Maryland Department of 

State Planning 1973).  Johnson and Zhang (2004) indicated that different factors, such 

as rainfall, acidic parent material, organic matter decay or the harvest of high yielding 

crops may cause a drop in soil pH values. This hypothesis is also enhanced by the data 

obtained from SWLT with Soil 3, 4 and 5, where the material pH strongly affects the 

effluent pH.   

The data in Table 4.4 to Table 4.8 show that Al concentrations increase when 

the WTR percentage is elevated to 10% by weight due to high Al contents of the WTR 

itself (159,700 mg/L versus 10,600 mg/L, Table 4.2). Even though the source of metal 

content increases with WTR addition, Al concentrations decrease when the pH drops 

from 12 to neutral values (Figure 4.5). However, due to amphoteric leaching pattern of 

the material, the low pH leachates generated by Soil 2 (pH=4.33) increase Al 

concentrations in the leachate and Komonweeraket et al. (2010) and Cetin et al. (2012a) 

also reported a higher release of Al at extreme pHs. 

Zinc (Zn) is widely known to exhibit an amphoteric pattern (Lim et al. 2004, 

Cetin et al. 2013). Jegadeesan et al. (2008) showed that a decrease in the leaching of 

Zn in a neutral pH is due to its surface complexation with Fe–Al-oxide or silicate 

material, or the formation of insoluble hydroxides. Beyond a neutral pH, the Zn metals 

precipitate as Zn(OH)2 and under very alkaline conditions Zn species dissolve 

completely as Zn(OH)3
- (Cotton and Wilkinson, 1999).  The highest Zn concentrations 
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can be observed in leachates of pure steel slag (pH=11.93), and Zn concentrations 

decrease with an increasing WTR content in the leachates passed through Soil 1 (Figure 

4.5). The Soil 2 provides a similar trend (lower Zn concentrations with decreasing pH) 

for WTR amounts 10-80% by weight.  However, for the 100% WTR specimens that 

contain no slag, Zn concentrations are elevated due to an acidic environment generated 

by the Soil 2 (pH=4.33). Leachates of Soil 3, 4 and 5 exhibit a similar behavior to Soil 

1 due to their similar material pH values. 

Jagedeesan et al. (2008) and Komonweeraket et al. (2010) showed that Cu and 

Pb are amphoteric metals that have high leachability at extreme pH conditions and low 

leachability at a neutral pH. They not only form cations at acidic pH, but also form 

soluble hydroxides at alkaline pH, and, thus, are released both at low and high pH, 

resulting in a V-shaped solubility curve (Sabbas et al. 2003, Fedje 2010). When the pH 

value is at about 8, minimum solubility is reached for most of the solid phases 

controlling the leaching of Pb, Zn and Cu (Meima and Comans 1999). Figure 4.5 and 

Figure 4.6 show that the addition of WTR to slag results in lower pH values, and 

generally lowers the solubility of Cu and Pb. The only exception was the pure WTR 

specimen in Soil 2.  The pH of the 100% WTR effluent past through the CL subgrade 

was measured as 4.33 and elevated Cu and Pb concentrations were observed.  For the 

Subgrade Soil 1, the effluent solutions had a near-neutral pH (pH=6), and very low 

solubilities of Cu and Pb are evident. Table 4.2 shows that CL-ML soil has a higher Fe 

content compared with the CL subgrade, which might have resulted in surface 

complexations of Cu and Pb with Fe-oxides. Meima and Comans (1998, 1999) also 

reported Fe and Al (hydr)oxides being reactive adsorptive minerals for  Cd, Zn, Cu, Pb 
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and Mo. The amphoteric leaching pattern can be clearly observed for Soils 3, 4 and 5, 

where the increasing WTR content lowers the pH from highly alkaline to neutral values 

and both the Pb and Cu concentrations in the leachate decrease significantly. The 

elevated Pb concentrations from Soil 3 and 4 leachates are probably due to the high Pb 

content in the elemental composition of these soils.  

Barium (Ba) concentrations tend to decrease with an increase in pH (Bankowski 

et al. 2004, Cetin et al. 2013).  When leachates passed through a subgrade, pure slag 

produced a higher pH than S10WTR (pH 11.9 versus 10.1, Figure 4.4); however, the 

measured Ba concentrations for slag samples are slightly higher than those measured 

for S10WTR mixtures (17.8-19 μg/L versus 11.5-12.5 μg/L, Table 4.4).  The slag may 

have formed complexes with silicates present in WTR, resulting in slightly lower Ba 

concentrations, similar to the observations made by Bankowski et al. (2004).    In 

general, Ba concentrations passed through the CL subgrade are higher than the ones 

passed through the CL-ML subgrade due to lower pH values of the leachate (pH 6.02-

11.93 versus 4.33-11.9, respectively).   

As seen in Figure 4.5, B concentrations increase with the introduction of 10% 

WTR and thus elevated pH. However, B concentrations start to decrease at higher WTR 

contents, which is contrary to the findings of Elseewi et al. (1980). This may be related 

to lower percentage of slag which has a higher B content than WTR (41.6 mg/L versus 

10.4 mg/L, Table 4.2). Furthermore, ettringite may form when WTR was added to the 

slag. Solem-Tishmack et al. (1995) reported that the presence of ettringite decreases 

the B concentrations by substitution of boron in oxyanion form for sulfate. 
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Figure 4.5 Effect of pH on SWLT concentrations of a) aluminum, b) zinc and c) lead. 
Leachates of mixtures prepared with 10%, 20% 30%, 60% and 80% WTR are run for 

another 18 hours with subgrade soils 1,2,3,4 and 5. 0% and 100% WTR content 
corresponds to steel slag only and WTR only specimens, respectively. 
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Figure 4.6 Effect of pH on SWLT concentrations of d) copper, e) barium and f) 

boron. Leachates of mixtures prepared with 10%, 20% 30%, 60% and 80% WTR are 
run for another 18 hours with subgrade soils 1,2,3,4 and 5. 0% and 100% WTR 
content corresponds to steel slag only and WTR only specimens, respectively. 
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4.4.2 Sequential Column Leach Tests (SCLT) 

Figure 4.7 shows the effluent pH of the materials included in testing. For brevity, only 

30WTR mixtures are provided for the second column test data hereby. The results 

indicate that pure slag results in the highest pH (~12.6), and pH decreases with 

increasing WTR amounts.    As mentioned earlier, the addition of WTR coated the slag 

particles, limiting Ca2+ leaching and also cause the formation of ettringite. The data in 

Figure 4.7 also shows that the pH decreases when the leachate passes through all the 

subgrades and the effluent leachate pH is controlled by the pH of the subgrade soil. 

Elution curves for Ca2+, a significant indicator for pH changes, are given in Figure 4.8. 

 A comparison of the data in Tables 4.4 to 4.8 and Table 4.9 indicates that the 

effluent pH values of sequential column leach test (SCLT) and sequential water leach 

test (SWLT) are not in agreement. The difference is more apparent for Soil 2 (pH 7.18 

in SWLT versus peak and stabilized pHs of 4.09 and 4.03, respectively, in SCLTs) 

which has low pH (pH=3.8) associated with low Ca2+ concentrations (250 mg/L, Table 

4.2). It is believed that the dynamic conditions in SCLTs played a significant role in a 

drop in pH and Ca2+ over several pore volumes of flow (Figure 4.7 and Figure 4.8). 

 An analysis of Figures A-1 to A-8 in Appendix A show that two distinct 

leaching patterns can be observed in column leach tests: first-flush and steady-state 

leaching. First-flush leaching is characterized by high initial concentrations followed 

by monotonically decreasing concentrations with increasing pore volumes of flow, 

whereas steady state leaching pattern does not exhibit any significant changes 

throughout the test. 
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Figure 4.7 Effluent pH in CLTs on SWTR mixtures and subgrade soils 
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Figure 4.8 Ca2+ concentrations in CLTs on SWTR mixtures and subgrade soils 
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  Figure 4.9 to Figure 4.12 show effect of subgrade type and WTR content on the 

peak and stabilized concentrations for Al, Zn, Cu, Pb, Ba and B.  Al generally exhibits 

an amphoteric leaching pattern, i.e.,  higher leaching concentrations at extreme pH 

levels and lower concentrations at near-neutral pH (Langmuir 1997, Kenkel 2003). 

High concentrations of Al were measured in steel slag leachates because of its alkaline 

nature (pH 12.6). Due to the presence of large amounts of Al in WTR (159,700 mg/L, 

Table 4.2), Al concentrations were further elevated with the addition of WTR (Figure 

4.9). When the effluent solution passes through the subgrade soil layer and the pH 

dropped below 7.5, a significant decrease in Al concentrations was observed. However, 

when the Soil 2 was used as a subgrade soil, Al concentrations were elevated again due 

to very low pH of the effluent (pH=4.03), confirming the amphoteric pattern.  

Johnson et al. (1999) also showed that an increase in pH increases the Al 

concentrations leached from MSWI bottom fly ash, consistent with the findings of the 

current study.  Considering the pH range in the CLT effluents (pH = 3.96 – 12.6, 

Figures A-1 to A-8 in Appendix A), it is very likely that Al is available in the leachates 

in both its cationic and anionic species. Aluminum is very insoluble at a neutral pH 

(Sparks 2003), and its solubility is controlled by the dissolution-precipitation of oxide 

and hydroxide minerals (Komonweeraket et al. 2010). At pH = 5.75- 9, free Al3+ starts 

precipitating as Al(OH)3 (gibbsite) and Al(OH)3 (amorphous), which reduces the Al3+ 

concentrations in the leachate (Astrup et al. 2006). At pH>9, Al(OH)4- becomes the 

dominant species. Under these alkaline conditions, the surface charge of steel slag 

particles are negative and anionic forms of Al metal tends to be released, which raises 

Al concentrations in the aqueous environment (Gitari et al. 2009).  
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The amphoteric behavior of Zn2+ in waste leachates has been extensively 

studied (Eighmy et al. 1995, Garrabrants et al. 2004, Lim et al. 2004, Camacho and 

Munson-McGee 2006, and Fernandez Olmo et al. 2007). Malviya and Chaudhary 

(2006) studied leaching behavior and the immobilization of heavy metals in cement 

solidified/stabilized hazardous sludge from a steel processing plant, and they found that 

Zn2+ forms hydroxides at pH>8, which functions both as an acid and a base. Figure 4.9 

shows that the highest Zn concentrations are observed in S30WTR-2 leachate, which 

has a pH of 4.09. As the pH increases to neutral values the lowest solubility levels are 

expected to be reached for Zn. However, Soils 3 and 5 exhibit metal concentrations 

larger than expected. This may be due to larger metal content in the solid composition 

of the metals compared with the other subgrade soils (Table 4.2). The Zn concentrations 

in pure slag and slag-WTR mixtures are higher due to an elevated pH (pH 11.1-12.6), 

which is in agreement with the amphoteric nature of the metal. Metal oxides contained 

in wastes derived from thermal processes, e.g., steel slag, are usually present in 

hydroxide forms after the hydration reactions take place. Zn(OH)2 forms beyond 

neutral pH values and controls the Zn2+ solubility. The hydroxy complexes Zn(OH)4
2− 

and Zn(OH)5
3− can be present in a strong alkaline solution. Their anionic properties 

preclude their adsorption onto the negative surfaces of the slag particles, increasing the 

soluble Zn2+ fraction. Fernandez-Olmo et al. (2009) studied the solubility of amphoteric 

heavy metals in stabilized/solidified steel foundry dust, a waste product of steel 

industry, and found out that Zn2+ exhibits an amphoteric pattern.  

The data in Figure 4.9 and Figure 4.10 show how the addition of WTR and the 

inclusion of five subgrade soils influence the CLT Cu concentrations.  Previous studies 
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indicated that Cu exhibits either an amphoteric (Fernandes Olmo et al. 2009, 

Komonweeraket et al. 2010) or cationic (Liu et al. 2008a, Cetin et al. 2012b) pattern.  

However, the patterns observed in this study were somewhat contradictory. There may 

be two reasons responsible for the observed behavior. First, WTR consists of large 

amounts of Cu compared to the S (56.4 mg/L vs 19.7 mg/L, Table 4.2) and its addition 

also contributes to Cu leaching. An initial increase in Cu concentrations can be 

observed when the leachate passes through the acidic CL subgrade (pH~4), and Cu 

concentrations immediately drop with WTR addition — possibly due to the 

precipitation of Cu.  Second, large amounts of Fe-oxides that exist within the steel slag 

material (Table 4.2) may have also enhanced the adsorption of Cu onto slag surfaces. 

Lead is amphoteric in nature, and its theoretical lowest solubility point occurs 

at pH 8.5 (Malviya and Chaudhary 2006). Pb concentrations measured in the current 

study tend to follow a pattern that is consistent with previous studies (Dijkstra et al. 

2004, Fernandes-Olmo et al. 2009). At low pHs, PbOH+ is the dominant dissolved 

Pb(II) species, and Pb  forms hydroxide precipitates with an increase in pH. At neutral 

pH values, lower Pb concentrations are obtained, possibly due to the precipitation of 

Pb as a silicate species (alamosite and Pb2SiO4). When pH increases to higher values, 

soluble Pb increases, as hydroxy complexes (Pb(OH)3
− and Pb(OH)2) and silicate 

precipitation remains the controlling mechanism for Pb stability (Halim et al. 2005). 

Voglar and Lestan (2010) tested cement solidified/stabilized contaminated soils and 

reported that Cu concentrations increase at pH >12 due to the formation of soluble 

hydroxide complexes.   
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The leaching pattern of Ba does not show a clear pH-dependency (Table 4.9 

and Table 4.10).  Previous studies showed that Ba leachability is controlled by the 

ubiquitous Ca in a solution, which would promote the precipitation of more insoluble 

sulphate and to co-precipitate as (Ba,Sr)SO4, rather than as BaSO4 or SrSO4 (Fruchter 

et al. 1990, Izquierdo and Querol 2012). In the current study, Ba concentration remains 

at very low levels and almost constant at a pH of between 4 and 10; however, it exhibits 

a dramatic increase for the pure slag sample (pH=12.6).  Even though steel slag 

includes small amounts of Ba (68.5 mg/L, Table 4.2), Cornelis et al. (2008) indicated 

that barium-metalates, which has low solubility products, may contribute to the release 

of Ba at such high pHs.  Fällman (2000) and Huijgen (2006) studied the controlling 

mechanisms of Ba leaching and concluded that leaching of Ca and Ba are almost 

proportional since a decrease in the SO4
2- solubility increases the solubility of Ba and 

Ca. Relatively higher Ba and Ca concentrations are observed with the pure steel slag 

used in the current study.  Fällman (2000) and Huijgen and Comans (2006) also claimed 

that Ba solubility is controlled by Barite (BaSO4). The addition of WTR in the current 

study might have elevated the SO4
2- concentrations, contributed to barite formation, 

and decreased the solubility of Ba2+. Bankowski et al. (2004) also indicated that the 

precipitation of Ba or the complexation with silicates might have decreased the Ba 

concentration within the leachate when the main metal source is treated. 

 Leached boron (B) concentrations from steel slag stay in a narrow range of 0.4-

0.44 mg/L, and are independent of pH.   When leachate of steel slag passes through the 

subgrade layers, B concentrations drop further and remain stable throughout the test 

(Figure 4.9 and Figure 4.10).  Myeni et al. (1998) also reported that the formation of 
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ettringite, a stable mineral at pH> 10.7, could lead to a reduction in B concentrations 

due to the entrapment of B that exists as oxy-anion in the alkaline solution (Solem-

Tishmack et al. 1995, Iwashita et al. 2005). These results show that the leaching pattern 

of B is independent of pH and is mainly dominated by the source of the metal. 

Table 4.9 shows the peak concentrations of Al, Zn, Pb, Cu, Ba and B obtained 

from SCLTs. All metal concentrations are lower than the U.S. EPA limits after passing 

through the soil 1.  The concentrations are higher when an acidic subgrade (Soil 2, CL, 

pH ~4) or a subgrade with a high solid content was employed (Soil 3, Soil 4 and Soil 

5, Table 4.2); however, it should be recognized that the overwhelming majority of the 

concentrations are well below the EPA limits when stabilized concentrations are 

considered (Table 4.10).  The variation in concentrations obtained from the SCLTs 

indicates that a better approach is necessary for the prediction of actual field behavior. 

Computer models, such as WiscLEACH, become useful in developing concentration 

profiles in the field. 
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Figure 4.9 Effect of WTR content and subgrade type on peak SCLT concentrations 
of a) aluminum, b) zinc and c) lead 
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Figure 4.10 Effect of WTR content and subgrade type on stabilized SCLT 
concentrations of a) aluminum, b) zinc and c) lead  
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Figure 4.11 Effect of WTR content and subgrade type on peak SCLT concentrations 
of a) copper, b) barium and c) boron 
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Figure 4.12 Effect of WTR content and subgrade type on stabilized SCLT 
concentrations of a) copper, b) barium and c) boron 
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Table 4.9 Peak effluent pH and metal concentrations in SCLTs. Concentrations exceeding MCLs in bold 

Sample WTR 
Content pH Al 

(mg/L) 
Zn 

(mg/L) 
Pb 

(μg/L) 
Cu 

(μg/L) 
Ba 

(μg/L) 
B 

(μg/L) 
As 

(μg/L) 
Cr 

(μg/L) 
Li 

(μg/L) 
Mn 

(μg/L) 
Ni 

(μg/L) 

S 0 12.6 0.6 0.13 22 14 1000 410 170 73 230 1.4 <10 

S30WTR 30 11.10 240 0.05 8 100 120 73 70 3 20 35 40 

S30WTR-1 30 7.61 <0.05 0.025 5 10 110 31 40 <1 20 11,360 <10 

S30WTR-2 30 4.09 7 30 600 350 102 72 79 5.2 129 11,500 8,050 

S30WTR-3 30 7.60 <0.05 0.226 355 <5 73 13 <10 <1 <2 7,130 291 

S30WTR-4 30 7.64 <0.05 0.037 298 <5 36 175 <10 <1 <2 5,600 646 

S30WTR-5 30 7.55 <0.05 0.147 454 <5 93 300 <10 <1 145 2,380 383 

U.S .EPA MCL 0.2 5.0 15 1300 2000 NA 10 100 NA 50 NA 

U.S .EPA WQL 0.75 0.12 65 13 NA NA 340 570 NA NA 470 

MD ATL NA 0.12 65 13 NA NA NA 570 NA NA 470 

MDL 0.05 0.001 5 5 10 5 10 1 2 1 10 

Notes: MCL= maximum contaminant levels for drinking water; MCL for Al is based on a secondary non-enforceable drinking water 
regulation; WQL= water quality limits for protection of aquatic life and human health in fresh water;  MD ATL = Maryland State 
aquatic toxicity limits for fresh water; MDL = Minimum detection limits; NA=Not available.
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Table 4.10 Stabilized effluent pH and metal concentrations in SCLTs. Concentrations exceeding MCLs in bold. 

Sample WTR 
Content pH Al 

(mg/L) 
Zn 

(mg/L) 
Pb 

(μg/L) 
Cu 

(μg/L) 
Ba 

(μg/L) 
B 

(μg/L) 
As 

(μg/L) 
Cr 

(μg/L) 
Li 

(μg/L) 
Mn 

(μg/L) 
Ni 

(μg/L) 

S 0 12.6 0.43 0.043 21 10 530 410 70 15 160 0.8 <10 

S30WTR 30 11.10 188 0.012 7 10 90 70 10 3 10 5 <10 

S30WTR-1 30 7.06 <0.05 0.007 <5 <5 90 20 <10 <1 3 5,536 <10 

S30WTR-2 30 4.03 3.74 5.25 175 70 85 41 24 3.5 15 1,160 1,500 

S30WTR-3 30 7.15 <0.05 0.004 36 <5 59 <5 <10 <1 <2 11,400 25 

S30WTR-4 30 7.20 <0.05 0.007 37 <5 37 35 <10 <1 <2 5,360 32 

S30WTR-5 30 6.22 <0.05 0.005 11 <5 51 41 <10 <1 2 783 26 

U.S .EPA MCL 0.2 5.0 15 1300 2000 NA 10 100 NA 50 NA 

U.S .EPA WQL 0.75 0.12 65 13 NA NA 340 570 NA NA 470 

MD ATL NA 0.12 65 13 NA NA NA 570 NA NA 470 

MDL 0.05 0.001 5 5 10 5 10 1 2 1 10 

Notes: MCL= maximum contaminant levels for drinking water; MCL for Al is based on a secondary non-enforceable drinking water regulation; 
WQL= water quality limits for protection of aquatic life and human health in fresh water;  MD ATL = Maryland State aquatic toxicity limits for 
fresh water; MDL = Minimum detection limits; NA=Not available.
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4.4.3 Modeling of Chemical Transport in Groundwater 

The transport parameters and hydraulic conductivities, the two sets of inputs to 

WiscLEACH, were determined from the laboratory Br tracer and the falling-head 

hydraulic conductivity (BS 1377-6) tests, respectively (Table 4.11). Effective 

porosities and dispersion coefficients for each material and metal were determined by 

fitting the Ogata-Banks (1961) equation to the effluent Br concentrations in tracer tests. 

The calculated effective porosities and dispersion coefficients were then used to obtain 

the retardation factor for each metal by fitting the van Genuchten (1981) equation to 

the CLT elution curves. The annual precipitation rate was selected as 1 m/year, the 

average annual rainfall in State of Maryland, according to the U.S. Geological Survey.  

The remaining site parameters are listed in Table 4.12. For metals below the detection 

limits, since no leaching pattern could be observed, Rd=3.5 was assumed for all 

subgrades. 

 Figure 4.16 through Figure 4.13 show the contour plots of the predicted 

concentrations of Zn in the soil vadose zone, as well as the groundwater. For brevity, 

the plots for Zn for only Subgrades 1 and 2 are provided herein, and the concentration 

profiles for all metals and all subgrades are given in the Appendix B.   The contour 

plots provide predictions of the metal concentrations after 5, 20, 50 and 100 years of 

construction. WiscLEACH simulations indicate that Zn concentrations within both 

subgrade 1 and 2 were below the EPA MCL of 5 mg/L. The results indicated that the 

maximum Zn concentrations were reached in approximately 20 years; however, they 

were significantly below the EPA MCL at the groundwater table. 
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 As shown in Figure 4.16 through Figure 4.13, Zn concentrations decreased 

away from the steel slag-WTR embankment due to the dispersion of metals in the soil 

vadose zone. A high annual precipitation rate may have also caused an initial increase 

in leaching of the metals originating from the mixture; however, most of the metals are 

absorbed into subgrades. Even though the permeabilities and peak metal concentrations 

of steel slag and S30WTR are significantly different, the metal concentrations within 

the vadose zones and in groundwater only change minimally. This is due to the fact 

that hydraulic conductivity of the compacted clay layer and subgrades are very low and 

provide good attenuation to the leachate comprising trace metals. 

In addition to the groundwater modeling, also a chemical equilibrium modelling 

software, Visual MINTEQ v3.0, was utilized for estimating CaCO3 precipitation in slag 

leachates containing different Ca2+ concentrations.  Calcium carbonate (CaCO3) 

precipitation, also called “tufa formation”, occurs when steel slag leachates containing 

high concentrations of dissolved calcium are exposed to atmosphere. Calcium 

carbonate is a sparingly soluble compound and over time thick layers of calcium 

carbonate may result in clogging of the drainage system. The procedures are listed in 

Section 3.4.2 and estimated amount of CaCO3 precipitation for the effluent leachates 

are given in Table 4.13.The results indicate that the CaCO3 precipitation significantly 

decreases with increasing WTR amount. When the stabilized effluent of S30WTR 

mixture goes through Soil 2, which has a pH of 3.8 and Ca2+ content of 250 mg/L, the 

predicted CaCO3 concentration decreases approximately to 0.5% of the original 

predicted leachate. 
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Table 4.11  Hydraulic and transport input parameters for pavement, embankment, subgrade and aquifer structures 

Specimen 
Hydraulic 

Conductivity  
K, (m/year) 

Effective 
Porosity, 

ne 

Hydraulic 
Gradient, i 

Longitudinal 
Dispersivity, 

αL (m) 

Transverse 
Dispersivity, 

αT (m) 

Retardation 
Factor Rd, for 

Zn 

S 295 0.32 0.001 0.588 0.059 28 

S30WTR 0.95 0.343 0.001 0.368 0.037 20.5 

Subgrade 1 2.24 0.33 0.001 0.130 0.010 16 

Subgrade 2 0.36 0.27 0.001 0.147 0.015 7.3 

Encapsulation 
Layer 0.32 0.25 0.001 0.1 0.01 7.2 

Pavement 18.29 0.35 0.001 0.1 0.01 1 

Aquifer 3784 0.30 0.001 0.1 0.01 1 

 
 

 Table 4.12  Input site parameters  
WPOC 
(m) 

WP 
(m) 

WS 
(m) 

ZGWT 
(m) 

Prcpt 
(m/year) 

Tmax 
(m) T (m) Side Slope (2:1) 

30 6 2 5 1.00 200 7 2:1 

                 Notes: WPOC: Point of compliance, WP: Pavement width, WS: Shoulder width, ZGWT: Depth to groundwater table, Prcpt: Annual  
                 precipitation rate in m/year, Tmax: 50 years, T: Thickness of embankment structure 
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Figure 4.13 Predicted Zn concentrations in vadose zone and groundwater 
for simulating flow of S leachate through subgrade 1. 
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Figure 4.14 Predicted Zn concentrations in vadose zone and groundwater 
 for simulating flow of S leachate through subgrade  2
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Figure 4.15 Predicted Zn concentrations in vadose zone and groundwater 
 for simulating flow of S30WTR leachate through subgrade 1. 
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Figure 4.16 Predicted Zn concentrations in vadose zone and groundwater 
for simulating flow of S30WTR leachate through subgrade 2.  
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Table 4.13 Estimation of CaCO3 precipitation for the effluent leachates 

Sample 
Peak Ca2+-

concentration 
(mg/L) 

Estimated 
Peak CaCO3 
Precipitation 

(mg/L) 

Stabilized 
Ca2+-

concentration 
(mg/L) 

Estimated 
Stabilized 

CaCO3 
Precipitation  

(mg/L) 
S 848 2050 796 1920 

S30WTR 341 782 284 639 
S30WTR-1 293 662 45 43.0 
S30WTR-2 106 195 32 10.6 

Note: S=Steel slag; WTR=water treatment residual; 1=Soil 1; 2= Soil 2.  Calcium 
carbonate precipitation was estimated based on measured Ca2+ concentrations using 
Minteq Visual v3.1
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4.5 CONCLUSIONS 

A laboratory study was conducted to investigate the leaching characteristics of pure or 

WTR-treated steel slag in groundwater. The effects of WTR addition, presence of an 

encapsulating layer in the embankment, and type of the subgrade on pH and leached 

concentrations of Al, Ba, B, Cu, Pb and Zn metals were studied through laboratory 

leaching tests. The observations from the current study are as follows: 

• The results of the sequential water leach tests showed that increasing WTR 

percentage resulted in a decrease in pH. Flow of the leachate past through the 

subgrade decreased the pH further with the effluent pH significantly depending 

on the natural pH of the soil.  

• Aluminum concentration initially increased when WTR amount was increased 

from 0 to 10 % due to high  alum content of WTR; however, then decreased with 

increasing WTR percentage due to amphoteric nature of Al. Pb, Cu and Zn 

exhibited a clear amphoteric pattern, whereas Ba concentrations increased with 

decreasing pH.  The dominant factor for B leaching was the source of metal 

instead of pH. 

• The results of sequential column leach tests indicated that an increase in WTR 

decreased the pH; however, WTR percentage did not have a significant effect on 

final pH values once the leachate percolated through the encapsulation layer. 

• Al-concentrations increased dramatically with addition of WTR in the 

sequential column leach tests, but the concentration in the leachate was strongly 

pH-dependent, yielding higher metal concentrations for CL subgrade (natural 

pH=3.8). The same amphoteric nature could also be observed with Pb, Zn and 
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Cu. However, the highest metal concentrations for Ba and B were observed with 

pure slag leachates, indicating that the metal source was the dominant factor 

characterizing the leaching pattern instead of solubility. Stabilized metal 

concentrations of the leachates from the subgrade CL-ML were below the EPA 

MCL, however, As and Pb concentrations of the CL subgrade leachate were 

above those. This clearly emphasized that the natural pH of the subgrade played 

a significant role in the leachate characteristics.  

• WiscLEACH numerical simulations suggest that the metal concentrations 

decreased over time and distance and that all the metals were sufficiently 

dispersed in the vadose zone.  WiscLEACH results also indicated that the 

predicted metal concentrations were much lower than those measured in the 

column leach tests suggesting that the results of laboratory tests are likely to 

provide a conservative estimate of field metal leaching. 
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5 CONCLUSIONS AND RECOMMENDATIONS 

5.1 CONCLUSIONS 

Highway constructions pose great potential for the beneficial reuse of large volumes of 

steel slag (S). The research study was completed to investigate the mechanical and 

environmental suitability of slag-amended highway embankments.   In order to 

decrease the material pH to acceptable levels, steel slag was mixed with water treatment 

residual (WTR), a non-hazardous residue obtained from drinking water treatment 

facilities.  Accelerated swell tests were performed on mixtures prepared with different 

percentages of WTR to obtain the best slag-to-WTR ratio.  A battery of laboratory 

sequential water leach tests (SWLT) and sequential column leach tests (SCLT) were 

conducted to determine the environmental suitability of steel slag and to simulate the 

leachate flow from pure steel slag or SWTR mixtures into groundwater or surface 

waters. A clayey borrow material, commonly used by the SHA in embankment 

construction and proposed herein as a soil to encapsulate steel slag in an embankment 

setting, and five subgrade soils with different plasticities were included in the leaching 

tests to study the influence of the buffering capacity of clayey soils on metal leaching 

and pH.  A series of numerical analyses via WiscLEACH and UMDSurf were 

conducted to predict the leached metal concentrations in groundwater and surface 

waters, respectively, as a function of depth and time.  The following onclusions are 

reached: 
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1. The addition of WTR to steel slag decreased the maximum dry unit weight (γdry-

max), increased the optimum moisture content (wopt) and lowered the ultimate 

swelling ratios of the mixtures. However, due to a significant difference between 

the specific gravities of steel slag and WTR (Gs=3.45 versus 1.88), usage of WTR 

greater than 30% by weight decreases the steel slag amount in the mixture 

significantly (by more than 44%). 

2. All pure steel slag materials, as well as the mixtures used in this study, have 

excellent shear strength properties based on direct shear tests. Effective internal 

friction angle generally decreases with WTR, bitumen, or sand addition with a 30% 

WTR addition yielding in the largest decrease. The effective cohesion values are 

very small, and their largest decrease was observed with an addition of 30% WTR.  

3. Steel slag can be treated using three different methods, bituminous coating, sand 

amendment, and water treatment residual (WTR) addition, to mitigate the swelling. 

Accelerated swelling test results show that all three methods can decrease the 

ultimate swelling ratio. However, leaching tests indicated that bituminous coating 

and sand amendment can not change the effluent pH of pure steel slag. 

4. WTR amendment as high as 30% by weight to slag did not satisfy the Maryland 

Department of Environment (MDE) pH limit of 8.5 in either SWLTs or SCLTs.  

However, when the steel slag-WTR leachate passes through the encapsulation soil, 

SWLT and SCLT pH levels drop below 8.5.  

5. The concentrations of the metals studied in this research are greatly influenced by 

the pH of the effluent solution, which suggests that mixing slag with an acidic or 

alum-rich additive, such as WTR, is essential for the reduction of pH levels and 
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metal concentrations to acceptable limits.  High concentrations are reduced to 

acceptable limits when leachate passes through the subgrade soils with neutral 

natural pH.  When an acidic subgrade soil is used, the difference between the 

leached Al concentrations and EPA Water Quality Limit (WQL) is less than one 

order of magnitude.  It should be noted that Al is on the EPA list of secondary 

drinking water regulations, and no limits for Al are specified in Maryland 

groundwater protection guidelines.  

6. WiscLEACH simulations for steel slag-amended embankments indicated that all 

metals can be sufficiently dispersed in the vadose zone, and the metal 

concentrations decrease over time and distance to negligible levels in groundwater. 

WiscLEACH results also indicate that the metal concentrations are much lower 

than those obtained in the laboratory leaching tests, suggesting that laboratory tests 

are likely to provide a conservative estimate of field metal leaching.  UMDSurf 

results show that the metal concentrations decrease to 50% of their initial values at 

a 40 m distance from the contact point (i.e., the corner of the embankment). The 

rate of decrease slows down with increasing distance; and eventually all metal 

concentrations are below the EPA limits at 1000 m from the corner of the 

embankment. 

7. Based on the findings obtained from the laboratory tests and numerical analyses, 

WTR-treated steel slag would not pose any hazard to surface waters in the vicinity 

of an embankment or groundwater below or within typical subgrades with close to 

neutral pH.  In order to keep both swelling and metal leaching at acceptable levels, 

steel slag can be mixed with 30% WTR by weight before use. 
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5.2 RECOMMENDATIONS FOR FUTURE STUDIES 

The experimental evaluation of both the mechanical and environmental impacts of 

using steel slag in highway embankments indicated that treated steel slag yields in 

lower ultimate swelling ratios and effluent pH values when passing through a clayey 

soil. However, performing all those tests is a time- and material-consuming as well as 

troublesome process. Thus, developing numerical models that can provide the needed 

parameters with only basic input would be extremely valuable. For instance, instead of 

performing accelerated or long term swelling tests on steel slag samples where app 6-

7 kg material is used for each test sample, using a mathematical model providing the 

ultimate swelling value with only the Ca2+ data as the input would save significant time 

and labor.  

Simultaneously, models that predict the metal concentrations within the 

leachate of column or pH-dependent tests would both save time and prevent issues such 

as contamination. However, it should be remembered that waste materials are 

extremely heterogenous and both the physical and the chemical features may vary from 

batch to batch, thus it is very difficult to come up with successful predictions. 

Especially when the mixtures of two waste materials are dealt with, it becomes 

incredibly difficult to predict both the leaching from the pure materials as well as the 

reaction mechanisms that will take place between the two materials. 

Finally, performing large-scale field leaching tests on slag and mixtures utilized 

in the current study would help to compare field leaching to that observed in the 

laboratory. A field leaching study would help to validate the results obtained from 

numerical models and check the accuracy and efficiency of the treatment methods. 
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APPENDIX A: METAL CONCENTRATIONS OF 

SEQUENTIAL COLUMN LEACH TESTS 
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APPENDIX B: WISCLEACH ANALYSIS RESULTS 
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Table B.1 Hydraulic and transport input parameters for pavement, embankment, subgrade and aquifer structures  

Specimen Hydraulic 
Conductivity 

K(m/year) 

Effective 
Porosity, 

ne 

Hydraulic 
Gradient, 

i 

Longitudinal 
Dispersivity, 

αL (m) 

Transverse 
Dispersivity, 

αL (m) 

Retardation Factor, Rd for Metals 

 Zn Al Pb Cu Ba B 

S 295 0.32 0.001 0.588 0.059 28 103.5 88 3.5 54 300 

S30WTR 0.95 0.343 0.001 0.368 0.037 20.5 121.6 3.5 10.
1 106 290 

Subgrade 1 2.24 0.33 0.001 0.130 0.010 16 3.5 3.5 44.
3 115 79 

Subgrade 2 0.36 0.27 0.001 0.147 0.015 7.3 14.6 6.8 14.
5 29 19.

2 
Encapsulation 

Layer 0.32 0.25 0.001 0.1 0.01 7.2 7.2 7.2 7.2 7.2 7.2 

Pavement 18.29 0.35 0.001 0.1 0.01 1 1 1 1 1 1 

Aquifer 3784 0.30 0.001 0.1 0.01 1 1 1 1 1 1 
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Preventing Swelling and Decreasing 
Alkalinity of Steel Slags Used 
in Highway Infrastructures 
Asli Y. Dayioglu, Ahmet H. Aydilek, and Bora Cetin 

 
 

Steel slag is a byproduct of iron and steel production by the metallurgi- 
cal industries. Annually, 21 million tons of steel slags are produced in the 
United States, and most of this slag is landfilled. Landfilling represents 
significant economic loss and uses valuable land space. Although steel 
slag has great potential for use in highway applications, especially as a 
granular highway base or subbase material, it has not been used exten- 
sively because of its high swelling potential and alkalinity. Swelling poten- 
tial deteriorates the structural stability of highways, and high alkalinity 
poses an environmental challenge. This study seeks a methodology that 
promotes the use of steel slags in highway base and subbase layers by 
minimizing these two main disadvantages. Two treatment methods were 
used. In the first method, steel slag material was coated with bituminous 
material. In the second method, the slag was mixed with water treatment 
residuals at various percentages by weight. The mixtures prepared in this 
study were subjected to accelerated swelling tests and batch water leach 
tests. Results of the swelling tests indicated that the addition of both water 
treatment residuals and bituminous material into steel slag decreased the 
swelling rate significantly. Furthermore, bituminous-coated mixtures did 
not exhibit any swelling. These two methods also decreased the effluent 
pH of steel slag from 12.3 to 11.65 (bitumen-coated slag) and 9.8 (slag 
mixed with water treatment residuals). The batch test results did not sat- 
isfy the pH 8.5 limit regulated by the Maryland Department of Environ- 
ment for placement of industrial byproducts in highways. 

 
 

 
Large quantities of byproducts result from steel and iron production. 
Steel slag is one of these byproducts. Approximately 21 million tons of 
steel slags are produced annually in the United States, and only 10% 
to 15% of these materials are recycled (1). Most slags are stockpiled 
or placed in landfills, which causes loss of valuable land space (2). 
Stockpiling of large amounts of steel slag creates an environmental 
challenge because of the potential for leaching of the large amounts 
of heavy metals in the steel slag (1). An innovative way to recycle 
these industrial byproducts is needed. 

Steel slag has been used in a variety of applications in the con- 
struction industry. It has been used as a supplementary material in 
cement and concrete mixtures, as a granular material in highway 
base and subbase layers, and as an aggregate in asphalt mixes 
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(usually hot-mix asphalt) (3–6). Rohde et al. studied electric arc 
furnace slag and recommended its use in the field (3). Suer et al. 
investigated the behavior of electric arc furnace slag on a section of 
a road where steel slag was used as base layer (6). Slags produced 
via blast furnace are used in a wide range of highway applications, 
such as granular bases, concrete and hot-mix-asphalt aggregate, and 
supplementary cementitious materials (7). However, slags obtained 
from basic oxygen furnaces and electric arc furnaces are less com- 
monly used in highway applications because of their volumetric 
instability in the presence of moisture. This instability occurs because 
of the high free lime (CaO) and magnesia (MgO) contents, which 
can react with water in the presence of moisture and cause large 
expansion deformations (8). This behavior is not favorable, particu- 
larly when steel slag is to be used in rigid matrices. Therefore, reuse 
of slags (steel slag particularly) in highway layers is not preferred 
until their volumetric instability is tested (9). 

Several efforts have been made to use steel slags in highway base 
and subbase, on low-volume roads, and for soil stabilization. Ver- 
hasselt and Choquet performed a series of accelerated bath tests on 
steel slag samples and claimed that the critical CaO content for the 
steel slags to be used in pavements was 4.5% and, according to the 
swelling tests, maximum permissible linear expansion is 1% (10). 
In addition, that study recommended placement of sand layers above 
and below the steel slag layer because voids inside the sand layer 
can tolerate the swelling of the steel slag. Geiseler stated that there 
is no need to restrict the volumetric expansion of steel slag in cer- 
tain applications, such as construction of parking lots or landscaping 
works (11). That study proposed that free CaO content of nonaged 
steel slag should not exceed 7% and 4% for use in unbound layers 
and bituminous (asphalt) road layers, respectively. Deniz et al. con- 
ducted swelling tests on reclaimed asphalt pavement (RAP) sam- 
ples, including surface binder RAP with 60% steel slag aggregates, 
surface RAP with 92% steel slag, steel slag RAP, and virgin steel slag, 
to compare expansion characteristics (9). Results showed that RAP 
materials with steel slag aggregates exhibited lower expansion behav- 
ior compared with virgin materials mixed with slags. It was stated that 
high absorption characteristics of bitumen of RAP materials and high 
alkalinity of steel slags might have yielded lower swelling potential. 
This phenomenon occurs because the surface texture of steel slags 
is rougher than other natural aggregates, their friction properties are 
superior, and they have a significantly improved adhesion ability with 
an asphalt binder. 

In addition to its swelling potential, steel slags possess high 
alkalinity behavior and cause leaching of very alkaline effluent 
solutions to the surrounding environment. The Maryland Department 
of Environment (MDE) does not allow the use of waste materials 
with an effluent pH exceeding 8.5 (12). It is well known that steel 
slag materials contain significant amounts of CaO (40% to 60%) (7). 
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CaO reacts with water in the presence of moisture and produce   a 
calcium hydroxide hydration reaction product, which causes an 
increase in pH of the equilibrium system caused by dissolution of 
OH− ions (13). Previous studies focused extensively on improve- 
ment of the geomechanical behavior of the steel slags to be used in 
highway base and subbase layers (3, 7, 9). Few studies have focused 
on the environmental impact of the use of steel slags in highway 
engineering applications (14–16). However, none of these studies 
identified the concern about high effluent pH. 

Previous research showed that steel slag can be a good alternative 
to natural aggregates that are conventionally used in highway base 
and subbase layers (3). However, most of these studies suggested 
that steel slags be aged and exposed to moisture conditions for a 
long time before their use. No method for suppressing the swelling 
potential and limiting the release of high-pH effluent solutions   is 
provided. The present study tested the efficacy of an innovative 
methodology for decreasing the swelling potential of steel slags 
while controlling the effluent pH. In the study, steel slag materials 
were coated with bituminous asphalt material and mixed with water 
treatment residuals (WTR). These mixtures, along with the virgin 
steel slag material, were subjected to accelerated swelling tests and 
batch water leach tests. 

 
 
Materials 

 
The steel slag material used in this study was produced in a blast 
oxygen furnace. Aging has significant effects on swelling potential 
of any kind of slags, and the literature claims that aging decreases the 
swelling potential (7). In this research project, steel slag materials 
with three aging properties—6 months, 1 year, and 2 years—were 
used. As indicated by previous studies, increased aging is expected 
to decrease the amount of swelling in slags. However, in the pres- 
ent project, steel slag material aged 2 years exhibited the greatest 
swelling. The cause of this phenomenon could be the bonded cal- 
cium aluminosilicates in the steel slag, which may dissolve on long 
exposure to the atmosphere. Debris and foreign material in the steel 
slag were removed by hand before testing. The steel slag material 
is classified as well-graded sand with silt according to the Unified 
Soil Classification System and as A-1-b according to the AASHTO 
classification system. It exhibits no plasticity and contains 12% silty 
fines by weight. Table 1 summarizes the physical properties of the 
steel slag material. The natural water content and optimum com- 
paction moisture content of steel slag material are 10% and 13.5%, 
respectively. 

Bituminous coating and WTR amendment methodologies were 
applied to the steel slag material to prevent swelling and to decrease 
the effluent pHs. WTR, a byproduct of drinking water treatment,  is 
an aluminum-based sludge and does not contain any surface or 
groundwater pollutants. WTR was collected from the drinking water 
treatment plant for the Rockville, Maryland, drainage area and was 

air dried and sieved through the No. 40 sieve before being mixed 
with steel slag. WTR contains 76% fines by weight and shows no 
plasticity. The bituminous coating was achieved with PG 64-22 
asphalt binder (17). The specific gravity of the steel slag and asphalt 
binder is 3.45 and 1.02, respectively. The asphalt binder is solid   at 
room temperature and is viscous fluid at 90°C.   Measurements 
made according to U.S. Environmental Protection Agency SW-846 
Method 9045 showed that the pH of steel slag and WTR materials 
was 12.4 and 6.9, respectively. Steel slag material was mixed with 2%, 
3%, 4%, 5%, 7%, and 8% asphalt binder by weight, and WTR was 
added at 20%, 30%, and 40% by weight to the steel slag material. 
All mixtures prepared for the study were compacted at    optimum 
moisture contents (Wopt) and maximum dry unit weights    (γdry-max) 
with the standard Proctor effort (ASTM D 698). Steel slag and WTR 
materials were mixed thoroughly in the tray with additions of small 
amounts of water. Steel slag was sieved through the 3∕8-in. (9.5 mm) 
sieve before it was mixed with asphalt binder; it was sieved through 
the 3∕4-in. (19-mm) sieve for preparation of the steel slag–WTR mix- 
tures. Finer steel slag material was preferred in the mixtures of steel 
slag and bituminous coating to prevent coarser aggregates from 
adsorbing large portions of the asphalt binders added into the mixture. 
This procedure achieves a more uniform coating of the steel slag 
aggregates. 

 
 
Method 

 
Preparation of Bituminous Coating 

Steel slag was oven dried for 24 h at 105°C and sieved through the 
3∕8-in. sieve. The oven-dried sample was weighed and placed in the 
oven. The required amount of asphalt binder grade (PG 64-22) was 
calculated, weighed, and put into the oven, along with all the metal 
equipment that was used during hot mixing (spoons, buckets, etc.). 
The binder, slag, and equipment were then heated to 170°C and kept 
in the oven for 3.5 h. Then, heated equipment was placed into the 
mixer, and slag samples were taken from the oven and thoroughly 
mixed for approximately 1 to 2 min (Figure 1a). Next, the heated 
binder was taken from the oven and poured into the bucket. Bitumen 
and steel slag were thoroughly mixed until all the particles were vis- 
ibly coated and the mixture was warm. Finally, the bitumen-covered 
steel slag samples were spread on a flat surface and left overnight to 
cool completely (Figure 1b). 

 
 

accelerated swelling tests 
 

In accelerated swelling tests, compacted steel slag samples were 
exposed to hot water or steam to accelerate the swelling rate during 
the test. Swelling rates of the specimens were monitored for a shorter 
period than in long-term swelling tests (ASTM D-1883). For both 

 
 

TABLE 1    Physical Properties of Steel Slag and   WTR 
 

 
Material 

 
Gs 

Gravel 
Content (%) 

Sand 
Content (%) 

Fines 
Content (%) 

 
Ip (%) 

 
Wn (%) 

 
Wopt (%) 

γdry-max 

(kN/m3) 
 

pH 

Steel slag 3.45 21 67 12 NP 10 13.5 22.2 12.4 
Water treatment residual na 0 24 76 NP 385 42 10.25 6.9 

Note: Gs = specific gravity; Ip = plasticity index; Wn = natural water content; NP = non-plastic; na = not applicable. 
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(a) 

 

 
(b) 

 
FIGURE 1    Bitumen coating: (a) procedure and (b) coated samples. 

 
 

and steel slag and WTR in accordance with the test method for shake 
extraction of solid waste with water (ASTM D3987). Details of the 
test procedure and deviations from the ASTM D3987 test method are 
available elsewhere (18). The influent solutions were prepared with 
0.02M sodium chloride solution to provide stable reaction conditions. 
Water leach tests were not conducted on bituminous coating alone 
because of the viscous nature of the bitumen material itself; it is dif- 
ficult to maintain a 20:1 liquid-to-solid ratio in the water leach tests. 
In the literature, either the pH of bitumen material in water is given 
as neutral or pH is not available. 

 
 
Results 

 
sieve analysis and Compaction tests 

 
Gradation of the steel slag material was altered during bituminous 
coating and WTR amendment. The original steel slag material 
consisted of 21%, 67%, and 12% gravel, sand, and fines content, 
respectively (Figure 2). Coating of the steel slag, and especially its 
fines portion (<0.075 mm), results in a relatively coarser aggregate 
material, which is likely to provide a stronger but more brittle high- 
way base or subbase layer. Figure 2 shows that the gradation curves 
of steel slag–bituminous coating mixtures tend to be more uniform 
compared with the original grain size distribution of steel slag material. 
Furthermore, uniformity of the gradation curves for mixtures of steel 
slag and bituminous coating increases with an increase in bituminous 
coating content. 

The Wopt and γdry-max of the steel slag material used in this study are 
13.5% and 22.2 kN/m3, respectively (Table 1). These values are 
consistent with the compaction characteristics of the typical steel slag 
materials reported by others (3, 9). Figure 3 shows the moisture–dry 
density relationship of the steel slag–bituminous coating mixtures, 
steel slag–WTR mixtures, and steel slag and WTR alone. The  fig- 
ure shows that a 3% to 4% increase in bituminous coating content 
results in ∼1.4 times decrease in Wopt  of the steel   slag–bituminous 
coating mixtures, as the Wopt of the coated granular steel slag material 
is influenced by the amount of fine material (19). Furthermore, γdry-max 

of the steel slag alone and steel slag–bituminous coating mixtures 
decreased 1.1 times with a 3% to 4% increase in bituminous coat- 
ing content. The literature indicates that coarser materials tend to 
provide higher dry densities (20). However, bituminous    material 

 
tests, steel slag specimens were prepared for Wopt and γdry-max in cylin- 
drical molds; lateral movement was prevented, and one-dimensional 
swelling was measured. 

Tests were performed according to the water-bath swelling test 
method described in ASTM D4792 (Standard Test Method for 
Potential Expansion of Aggregates from Hydration Reactions), and 
samples were compacted in standard California bearing ratio molds, 
which were equipped with dial gauges, according to the procedures 
described in ASTM 1883. Specimens were cured for 7 days at room 
temperature (22°C) at 100% relative humidity. Then, specimens were 
immersed in hot water (70°C ± 3°C) instead of room temperature to 
accelerate the procedure. A surcharge load of 2.5 kPa was applied 
to the specimens during the tests. The tests were continued until the 
measured swelling ratios were stabilized. 
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FIGURE 2 Grain-size distributions of steel slag, WTR, 
and steel slag–bituminous  mixtures. 
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FIGURE 3   Moisture–density relationship of 
steel slag, WTR, steel slag–bituminous coating, 
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FIGURE 4 Volumetric expansion ratio curves for steel 
slag, steel slag 1 4% bituminous coating, steel slag 1 
7% bituminous coating, and steel slag 1 30%   WTR. 

 
 

(asphalt binder PG 64-22) is a viscous and lightweight material, 
and addition of it may have caused a decrease in γdry-max  of the steel 
slag–bituminous coating mixtures. Similar trends are observed for 
steel slag–WTR samples. The steel slag specimens prepared  with 
WTR material yield the lowest γdry-max  of all mixtures.   Moreover, 
addition of WTR to the steel slag material increased the Wopt values 
from 13.5% to 21% (Figure 3). The WTR material contains 76% 
silty fines, which is probably the main reason for the lower γdry-max 

and higher Wopt values for the steel slag–WTR mixtures. 
 
 
Results of accelerated swelling test 

 
ASTM D4792 suggests conducting swelling tests for at least 7 days to 
gather adequate data with which to evaluate the expansive behavior of 
the materials that are being tested. However, the swelling tests were 
generally continued beyond 7 days to ensure the swelling ratio was 
stabilized, that is, to fully assess both short- and long-term expansion 
behavior of the materials. 

Figure 4 shows the variation of the volumetric expansion (per- 
centage swelling) with time (days) for the steel slag alone and for 
treated steel slag specimens. Volumetric expansion of 100% steel 
slag increases with time, and the ratio of increase declines around 
Day 40. Hydration of the free CaO and MgO minerals is the main 
reaction that causes extensive swelling in the steel slag materials 
(2). A continuous increase in the swelling ratio for the steel slag 
observed after 40 days could be caused by hydration of the MgO 
minerals that are present in the steel slag. The hydration rate of CaO 
is relatively faster than the hydration rate of MgO. It takes only 
weeks for CaO minerals to complete their hydration process, but it 
takes years for MgO minerals. Therefore, it can be speculated that 
hydration of MgO minerals is the main cause of continuing expansion 
in the steel slag even after 40 days. 

Amendment of 30% WTR by weight into steel slag material 
decreases the volumetric expansion ratio from 2.95% to 0.98% 
(Figure 4). This indicates that mixing steel slag with WTR may pre- 
vent swelling in highway base and subbase applications. According 
to Figure 4, the expansion rate of the 100% steel slag is lower than 
those measured for the steel slag plus 30% WTR mixture in the first 

3 days. Wang claimed that the hydration rate of free CaO is initially 
slow because of the dense (high calcining) structure of free CaO in 
steel slag byproducts (8). Wang also stated that this phenomenon 
decreases the reaction rate that occurs between water and free CaO, 
which ultimately decreases the initial expansion rate. 

The data in Figure 4 indicate that the bituminous-coated steel slag 
specimens exhibited initial settlements during the earlier stages of 
the accelerated swelling tests. Deniz et al. also found that the RAP 

that possessed steel slag aggregates exhibited initial settlements 
before onset of expansion and that the porous nature of the RAP 

materials with lower densities yielded a sudden settlement as soon 
as a surcharge load was placed (9). This caused a decrease in the 

volume of the RAP material instead of an expansion. Mixtures of 
steel slag and bituminous coating prepared in the present study have 
a more highly porous structure than the steel slag alone and the steel 
slag–WTR mixture because fines in the steel slag are replaced with 
bituminous material during the coating process. That the steel slag– 
bituminous coating mixtures are relatively highly porous and that 

the lubricant nature of the bitumen dominates the material behavior 
could be responsible for the observed instant high settlement rates. 

Furthermore, steel slags coated with bituminous materials at 7% 
do not show any swelling potential (Figure 4). Bituminous coating 
decreases the infiltration rate of water into the steel slag aggregates, 
which prevents the hydrations of free CaO and magnesia MgO and 

thus the swelling of the granular steel slag material. This finding 
is consistent with previous research findings that the presence of 

bituminous material (e.g., RAP) significantly decreases hydration 
of free CaO and MgO (9, 21). 

The expansive nature of the steel slag material is caused by 
hydration of calcium and magnesium oxides. Bitumen acts here as 
a coating mechanism to suppress the leaching of calcium from steel 
slag and thus to mitigate swelling and decrease pH. However, it is 
very difficult to achieve 100% coating of the particles, and absolute 
prevention of calcium leaching is almost impossible with a coating 
procedure. 

As shown in Figure 4, the ultimate swelling ratio decreases with 
an increased amount of bitumen. However, one of the factors affecting 
the ultimate swelling ratio is the lubricant nature of bitumen. When the 
bitumen content is decreased to 4%, although the ultimate swelling 
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ratio is decreased by nearly 70%, swelling is still observed because the 
lubricant nature cannot dominate the material behavior and leaching of 
calcium cannot be totally prevented. 

 
 
ph excursions 

 
Water leach tests were conducted on steel slag alone, bituminous- 
coated steel slag, and steel slag–WTR mixtures. Water leach tests 
were conducted to monitor the variation of effluent pH of the steel 
slag materials with bituminous coating and amendment of WTR. 
MDE does not allow waste materials to be reused in construction 
applications unless the effluent pH is below 8.5. It is well known 
that CaO and MgO are the main minerals that increase the pH of the 
effluent solutions (22). The literature claims that steel slag contains 
significant amounts of CaO and MgO minerals, ranging from 30% 
to 55% and 5% to 15%, respectively (23, 24). This indicates that the 
steel slag material used in this study also poses great potential to leach 
out effluent solutions with alkaline properties (basic pH). Therefore, 
bituminous coating and amendment of WTR are applied to the steel 
slag material to lower to below 8.5 the pH of the effluent solutions 
that come out when the mixtures are exposed to moisture. Steel slag 
was coated with 2%, 4%, 5%, 7%, and 8% bituminous material by 
weight and were mixed with 20%, 30%, and 40% WTR material by 
weight. 

The effluent pH of the tested specimens is summarized in Table 2. 
As expected, effluent pH of the 100% steel slag specimen is the 
highest in all mixtures (pH = 12.3) and exceeds the MDE limit for 
effluent pH of waste material (pH = 8.5). Figure 5 shows the effects 
of bituminous coating and amendment of WTR on the effluent pH 
of specimens prepared with steel slag. An increase in the amount of 
bituminous material from 2% to 8% by weight appears to decrease the 
effluent pH of the steel slag from 12.3 to 11.5. Bituminous material 
seals the surface of the particles and decreases the release of free CaO 
and MgO into the aqueous solution. However, this level of decrease 
in the effluent pH is not adequate to satisfy the MDE regulatory 
limits. Moreover, addition of bituminous material of more than 8% 
by weight will not be economically feasible and may influence the 
mechanical and physical properties of the steel slag granular materials 
by decreasing stiffness, strength, and hydraulic conductivity. 

Figure 5 indicates that amendment of WTR into steel slag is more 
effective than bituminous coating of steel slag. The addition of WTR 
can lower the effluent pH of the steel slag to 9.8. The effluent pH of the 
WTR alone is neutral (pH = 7.24), likely the reason for the decrease 
in the effluent pH of the steel slag–WTR mixtures (Table 2). Although 
WTR amendment appears to be a better methodology for decreasing 
the pH of the effluent solution of steel slag, it does not satisfy  the 
MDE effluent pH criteria (pH = 8.5). Furthermore, the amount  of 

 
 
 

TABLE 2    Effluent pH of Specimens from Water Leach  Tests 
 

Specimen Effluent pH Specimen Effluent pH 

SS 12.3 SS + 8% BC 11.55 
SS + 2% BC 12.25 SS + 20% WTR 10.5 
SS + 4% BC 12.09 SS + 30% WTR 9.81 
SS + 5% BC 11.95 SS + 40% WTR 9.7 
SS + 7% BC 11.69 WTR 7.24 

Note: SS = steel slag; BC = bituminous coating. 
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FIGURE 5    Effluent pH of specimens. 
 
 
 

WTR added to steel slag–WTR mixtures is between 20% and 40% 
by weight and may significantly affect the geomechanical behavior of 
the steel slag granular material. Further testing is needed to evaluate 
the stiffness and strength behavior of these steel slag–WTR mixtures. 

 
 
Conclusions 

 
Recycling of steel slag material in highway construction could allow 
significant cost savings and meet the mechanical requirements for 
the design. A series of laboratory tests was conducted to investigate 
the swelling potential and effluent pH of steel slag material coated with 
bituminous material and mixed with WTR. The following conclusions 
can be drawn from the findings of this study: 

 
1. An increase in the amount of bituminous material decreases 

γdry-max and Wopt of the bitumen-coated steel slag. Addition of WTR to 
steel slag decreased γdry-max  and increased Wopt  because of the high 
fines content of the WTR. 

2. Swelling (volumetric expansion) tests were continued for      a 
long period for a full assessment of the expansion trends of the 
specimens used in the current study. It was observed that bituminous 
coating and WTR amendment methodologies are very efficient in 
the prevention of significant expansion of the steel slag material. 
Mixing the steel slag material with 30% WTR material by weight 
decreased the swelling (expansion) rate from 2.95% to approxi- 
mately 1%. The steel slag materials coated with bituminous material 
do not exhibit swelling, most likely because of the sealing off of the 
hydration of free CaO and MgO minerals by the bituminous material 
coating. 

3. Steel slag–bituminous coating mixtures showed an initial 
settlement in the first day of the swell test. It was speculated   that 
the porous nature and low γdry-max  values of these mixtures were the 
cause. 

4. Effluent pH of the steel slag is a critical environmental challenge 
when the material is used as a granular aggregate in highway base or 
subbase layers. Increasing the amount of bituminous material and 
WTR in the mixtures decreases the pH of the effluent solutions. 
However, none of the mixtures resulted in leachate solutions that had 
a pH lower than 8.5, an MDE regulatory limit. This indicates that a 
further study is required on the specific pH issue. 
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1. Although the results of this study are promising and indicate that 
bituminous coating and WTR amendments are effective methodolo- 
gies for preventing swelling, lowering the effluent pH of the steel 
slag materials and the influence of factors such as aging and curing 
period are yet to be investigated. 
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