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 A b s t r a c t   
 

Despite lots of techniques in improving the heap leaching performance, many constraints on the 

indus- trial applications remain. We proposed a correspondingly effective and new idea of introducing 

forced aeration to improve the bad permeability and leaching effect of Yangla Copper Mine (YCM) 

during heap leaching. The dual-media theory was employed to study the impact mechanism of forced 

aeration on the variations of porous and fractured media during the column leaching experiments. An 

X-Ray Computed Tomography (CT) set was utilized to perform the pore imaging of the specimens and 

the fracture morphology of the particles within the columns was analyzed by Scanning Electron 

Microscope (SEM)  as aeration rate (AR) changed. The results show that there exists copious fine 

particles within the heap  of YCM, the particle size distribution of which is not reasonable. The forced 

aeration can not only promote the development of the porous and fractured structures but effectively 

break the blocked seepage paths. Then the leaching degree is improved and the seepage performance 

of the solute within the solution is enhanced. Therefore, the forced aeration is probable of making the 

leaching performance greatly improved. 

 
 

 
 

1. Introduction 

 
Heap leaching is a hydrometallurgical extraction technique 

commonly utilized in recovering valuable metals from  refractory  

or low-grade ores [1]. With operational simplicity, relatively low 

costs, high recovery rates, short construction time and environ- 

mental advantages, this method has become more and more preva- 

lent in the mineral processing industries [2]. The leaching system is 

constituted by solid-liquid-gas phases, the interaction degree of 

which depends on the permeability coefficient of the system. 

Hence, the leaching effect is strongly influenced by the permeabil- 

ity of the system. However, due to the mechanical compaction and 

weathering, permeability of the ore dump is usually poor. 

The research community has proposed many methods to 

increase the leaching performance by loosening the dump, 

introducing external electric field, presenting stress wave, adding 

catalysts and accelerating the growth of microorganisms, etc. [3]. 

Currently, aeration assisted heap leaching has become a relatively 

new and effective leaching technique employed in improving 

leaching efficiency. Despite lots of studies on the influence of 

 
 

aeration in increasing the leaching rate, the experts and scholars 

worldwide  mainly stressed the role of  aeration played in oxygen   

or carbon dioxide supply and few of which studied the influence     

of aeration on permeability of the heap. Brierley et al. held that 

whether aeration should be employed in heap  leaching  had 

become the core issue limiting the development of leaching mining 

[4]. Therefore, it is of great significance to exactly understand the 

enhanced leaching mechanism by forced aeration. 

The leaching dump is a media constituted of irregular ore parti- 

cles with bulks of pores and fractures. We have shown in a previ- 

ous study that aeration can effectively improve the leaching effect 

based on MRI characterization, however, it did not involve the 

impact on fractures within the ore particles. Hence, during heap 

leaching, a concept of porous and fractured media was utilized to 

study the influence of aeration [5]. In this concept, two kinds of 

seepage channels, i.e., pore and fracture, were thought to be natu- 

rally present within the heap [6]. On one hand, the pore structure 

was the dominant channel for solution flow. On the other hand, 

fractures in ore particles were the second liquid flowing channels. 

Despite the relatively poor penetrability, the numerous fractures 

could still provide adequate storage space for  the  solution. Hence, 

a favorable environment for leaching would be obtained under the 

coupling effect of porous and fractured media [7,8]. 
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Table 1 

Particle size distribution of the ore. 
 

Size 

(mm) 

Cumulative weight (%, by 

weight) 

Size 

(mm) 

Cumulative weight (%, by 

weight) 

0.125 0.34 4.000 70.65 

0.300 1.51 5.000 87.41 

0.450 3.79 6.000 91.04 

1.000 7.56 7.000 95.35 

2.000 30.23 8.000 97.35 

3.000 50.89 9.000 100.00 

 
 

In order to clearly understand the influence of aeration rate (AR) 

on leaching performance, this study investigates two factors: the 

influence of air pumped into the novel leaching columns on the 

pore changes using X-ray computed tomography (CT) and the evo- 

lution of fractures within ore particles using scanning electron 

microscope (SEM). 

 
2. Experimental 

 
 Ore 

 
About 3000 g samples were obtained from the leaching dump of 

Yangla Copper Mine (YCM) located in Yunnan province of China, 

particle size distribution of which was detailed in Table 1. 

Fig. 1 depicts the particle size distribution curve of the samples, 

the type of which belonged to A according to the particle size dis- 

tribution curves customary in the geotechnical engineering area 

[9]. So, it could be speculated that there are bulk of loose particles 

within the leaching dump of YCM which made the heap highly 

compacted. 

The main chemical components of the samples are shown in  

Fig. 2. 

Analytically, the average particle size of the samples was 

relatively small [10]. And the alkaline components such as MgO, 

CaO, Fe2O3 and Al2O3, the content of which was more than 40%, 

might lead to a high acid consumption rate during heap leaching. 

Thus, improving permeability of the dump using some techniques, 

such as aeration, could be better ways of increasing the leaching 

efficiency for YCM [11,12]. 

 
 Column leaching experiment 

 
 Experimental setup and leaching solution 

A novel heap leaching apparatus schematically  presented  in 

Fig. 3 is utilized to conduct the column leaching experiments as   

AR changed. This apparatus was mainly consisted by the leaching 

columns (fabricated by plexiglass), solid-liquid-gas circulation sys- 

tem, control cabinet and computer, the maximum AR of which 

allowed for the experiments was 0.5 m3/h. 

As noted in Fig. 3, R1, R1 and R3 are raised barrels; S1, S1 and S3 

are specimens; T1, T2 and T3 are collecting barrels; U1, U2 and U3 

are inflating inlets; V1, V2 and V3 are perforated plates; and W1,  

W1 and W3 are sealing layers. 

The pore imaging was performed on a spiral CT set (SOMATOM 

Sensation 16), and SEM (JEOL JSM-6701F) was employed to analyze 

fracture morphology of the particles. Then, the sulphuric acid (pH 

= 1) purchased from a firm in Beijing was utilized alone, in order to 

avoid the effects of other chemical reagents, to be leaching solution for 

the experiments [13–15]. 

 
 Preparation 

As shown in Fig. 3, the samples were well mixed according to 

Table 1, evenly (700 g) packed into the three columns and named S1, 

S2 and S3. Then, three equally-sized pebbles (the three black 
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Fig. 1. Particle size distribution curve of the samples. 

 
 
 

Fig. 2. Main chemical composition of the samples. 

 

 
 

Fig. 3. Schematic of the novel column leaching 
apparatus. 

 

 
spots in Fig. 3) with a diameter of 2.5 mm were laid on top of        

the particles within the three specimens and named A, B and C. 

During liquid circulation, the three specimens would be 

saturated for 24 h. 

 
 Operation 

 
(1) Before air was pumped into the specimens, CT and SEM 

were separately utilized to perform the original imaging 

of  the pore structures of S1, S2 and S3 and the fracture 

morpholo- 

gies of A, B and C. During CT imaging, the magnification 

and minimum resolution cell were 4.14 and 46.9 lm 
respec- tively, and layer number of the specimens was 

1500 with a thickness of 4 lm. It used a projected 

amplitude of 400, a rotation step of 0.9°, a tube 

voltage of 120 kV and a tube 

current  of  160  lA  respectively.  This  moment  was  defined 

to be 0 d. 

(2) Air was pumped into S1, S2 and S3, ARs of which were 0, 

0.3 and 0.5 m3/h respectively. Then CT and SEM were 

repeatedly employed to perform the images as leaching 

time changed (10, 20, 30 and 40 d). 

(3) CT images were thresholded in Matlab to conduct the 3D 

reconstructions to analyze pores changes, model sizes of 

which were all 25.8 mm × 25.8 mm in the x and y 

directions 
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Fig. 5.   3D models of S2 as time changes. 

 
 

 
Fig. 6.   Pore changes as ARs and time change. 

 

and 80.0 mm in the z direction [16]. SEM images were 

imported in Image J and Fractal Fox to study the  evolution 

of fractures. 

 
3. Results and discussion 

 
 Pore changes 

 
The 2D CT images and the corresponding binary images 

acquired from S1, S2 and  S3  as  AR  changes  are  presented  in  

Fig. 4 (e.g., 10 d), the sizes of which were all 850 pixel   850 pixel  

in the x and y directions. Obvious differences occurred in the distri- 

bution of particles and pore structures. Particle sizes in S2 (Fig. 4b 

and e) and S3 (Fig. 4c and f) were smaller than that in S1 (Fig. 4a 

and d). 

Taking S2 as an example, Fig. 5 shows the 3D reconstruction 

models of pore structures as leaching  time  changed,  of  which, 

the blue and grey represented the leaching solution and ore parti- 

cles respectively. It could be seen that as time developed, sizes of 

the ore particles within  the  specimens  got  smaller,  the  number 

of which was increased to make the porous structure hard-packed. 

The porosity of the specimens could be expressed as Eq. (1) [17]. 

n ¼ 

.

1 -  
V a

Σ 

× 100% ð1Þ 

where n, Va and V are the porosity, solid volume and whole volume 

of the models, respectively. 

Within S1, S2 and S3, the porosity and pore quantity as time 

changes are calculated and shown in Fig. 6. 

Fig. 6a shows that as AR and time change, the porosity of S1 

reduces from approximately 38% to 31.8% after 10 d. However, they 

are relatively slow in S2 and S3. Using S3 as an example, the 

decline rate of porosity is only about 2%. Analytically, aeration 

would be substantially advantageous to the solute transport within 

the leaching solution, and this made the seepage paths less likely 

to be blocked. Therefore, porosity of the aerated system could be 

kept at a comparatively high level. Fig. 6b shows that the number 

of pores within all the three specimens all increases, however in S1, 

it is relatively slow, and indicates that aeration might not only 

shorten the leaching time but improve the reaction degree to push 

forward the development of the pore structure. 

 
 Evolution of fractures 

 
As shown in Fig. 7 (e.g., 20 d), SEM images of A, B and C are 

acquired, then based on a specified threshold, the binary images 

are obtained [18,19]. There exists a small amount of fine fractures 

on the surface of A. However, many open fractures occurred in B 

and C, and fractures in the latter were wider and deeper. It indi- 

cated that aeration might increase the leaching degree by expand- 
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In order to clearly understand the effect of aeration on the evo- 

 
changed were calculated. The two  linear  correlation  coefficients  

R1  and  R2  were  0.9256  and  0.9322  respectively,  indicating that 

>: × 

0 

@ 
 
- 1 

k 
—1:19054 þ 0 :00835 · x þ u - 2  1 

A 

Fig. 8. The evolution curves of FBD & time and FBD & fracture width. 

k 
1 

  

ð Þ 

> 

1a x 1 

—lgd 1 ¼ : þ : 
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k1a 

d!1 —lgd 

k1a ð1:19054 þ 0:00835 · xÞu1 
ð3Þ 

<   
 

  
 

 
 

Fig. 7. SEM and its binary images of specimens (20 d). 

 
ing the fractured structure of particles. Moreover, a higher AR was 

the models were effective. Based upon the binary images and  

results of FBDs of A and C, the evolution curves of fractures as 

leaching time developed were calculated, analyzed by Origin and 

depicted in Fig. 8. FBD of C is always higher than that of A, as 

shown in Fig. 8a, indicating that the amount of fractures within C  

is more than that in A. From Fig. 8b, it could be drawn that the frac- 

ture width of C was bigger than that of A, illustrating that aeration 

could effectively widen the fractures within the particles to accom- 

modate more leaching solution, and this might improve the leach- 

ing efficiency [23]. 

During heap leaching, the development of fractures was a 

dynamic changing process which could result in a variable perme- 

ability coefficient. Thence, the seepage state within the heap was 

probable of being influenced. The capillary buddle model was 

employed to study the dynamic-permeability coefficient (DPC) 

and fracture ratio (DFR) of A and C, calculated by [24–27]. 

more beneficial. 
3 

e ¼ 1a yx 
—2þu1—yx ð   — k Þ 

In this work, the fractal geometry theory was utilized to analyze 

the complicated fracture morphologies of A, B and C [20,21]. The 

 

12g0  u½2 þ u1  — yx] 

k  y u   1  
! ð4Þ 

dimension (FBD). In this work, F c Rn was assumed to be an arbi- 
g0 yx þ u1 — 2 —yx þu1 - 2  

k 

trary set that was non empty and bounded, and Nd F represented 

the minimal number of the sets, the maximum diameter of which 

was d in covering F set. Then, the upper and lower FBDs of F set 

could be calculated according to equation [22]. 

8
< DimB1ðFÞ ¼ lim  inf lgNd ðFÞ

 

  

where e and b are DPC and DFR respectively; k1a and k2a the 

maximum fracture width and capillary diameter respectively; yx 

the fitting equation between FBD and time; / ¼ Lc=Lm the fracture 
tortuosity; Lc and Lm the average length of the channels and length 

of the object area; and g0 the unit depth of the fractures. 

Taking particle A as an example (y 1 19054 0 00835x), DPC 

: DimB2ðFÞ¼ lim sup —lgd 
 

 

(eA) and DFR (bA) calculation model of A could be calculated as 
 

 

d!1 
>
8 3 

expressed by       
 

12g 
> 

u½2 þ u1  — 1:19054 — 0:00835 · x] 

Dim ðFÞ¼ lim 
lgNdðFÞ 

> ×ð1 — 
—2 þ u1 — 1:19054 — 0:00835 · x

Þ
 

 
 

 

 

lution of fractures during heap leaching, FBDs of A and C as time 

bA ¼ 
g0 1:19054 þ 0:00835 · x þ u — 2 

1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 

B 

1:19054 þ 0:00835 · x If DimB1 

ð2Þ 
lgN  ðFÞd 

fractal dimension, in calculation, usually referred to fractal box 

k 

b ¼ - 1  

d!1 

ðFÞ, FBD of F set can now be 
0 

ð5Þ 
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Fig. 9. The evolution curves of FBD & DPC and FBD & DFR. 
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× 

× 

  

 
Then, according to the calculation models of A and C, DPC and 

DFR of which are depicted in Fig. 9. From Fig. 9a, it could be seen 

that the average DPC of C (0.46 10
—5 mm/s) was obviously higher 

than that of A (0.09  10
—5 mm/s). Fig. 9b shows the average DFR   

of C (10.2%) is higher than that of A (6.3%). It indicates that during 

heap leaching, the forced aeration could promote the development 

of fractures within ore particles. This would be beneficial in 

improving the permeability coefficient of the whole system to pro- 

vide tremendous convenience for the solution flow. 

 
4. Conclusions 

 
The column leaching experiments were conducted to study the 

impact of different aeration rates (ARs) on the changes of porous 

and fractured media using X-ray CT and SEM. The analysis results 

of the samples obtained from the ore heap of Yangla copper mine 

indicated a bad particle distribution. Experimental results from a  

CT set showed that pore structure  within  the  three  specimens  

(S1, S2 and S3), when AR was different, changed differently. When 

AR increased, the porosity of S2 (0.3 m3/h) and S3 (0.5 m3/h) 

became higher than that of  S1  (without  aeration),  and  particles 

in S2 and S3 were more loose and fine than that in S1. Experiments 

analyzed by SEM showed that the fractal box dimensions, dynamic 

porous and fractured performance of particles B (0.3 m3/h) and C 

(0.5 m3/h) were all better than that of A (without aeration). 

The forced aeration, especially in abiotic heap leaching, could 

not only promote the development of pore structure between the 

particles but accelerate cracking rate of the fractures within the 

particles. Accordingly, the contact area of solution and particles 

increased, and this brought a higher leaching rate and reaction 

degree. Thence, the leaching efficiency and  performance  of  the  

ore were probable of being significantly improved. 
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