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A B S T R A C T   

Acid mine drainage (AMD) is detrimental to concrete cut-off walls due to acid and sulfate attacks. As a recently 
developed fiber reinforced cement-based composite with high tensile ductility and intrinsically tight crack width, 
Engineered Cementitious Composites (ECC, also known as Strain-Hardening Cementitious Composites, or SHCC) 
has potential advantages in resisting transport of water and contaminant if applied to the mine cutoff walls. The 
durability of ECC exposed to AMD, however, has not been previously studied, and is the main objective of this 
research. Mechanical properties of ECC exposed to AMD wet-dry cycles were investigated. In addition, MgO was 
added in ECC to improve self-healing performance. It was found that AMD wet-dry cycles coarsened pore 
structure and led to ECC’s mass loss and compressive strength reduction. The AMD exposure also reduced ECC’s 
first cracking strength, ultimate tensile strength and tensile strain capacity by 23.7%, 17.8% and 36.5%, 
respectively. Addition of MgO was found effective in enhancing ECC’s resistance to AMD attack, by moderating 
the reductions in compressive strength, tensile ductility and mass loss. Further, the addition of MgO densified 
ECC’s microstructure and improved self-healing behavior. We conclude that ECC containing 6% MgO retains the 
desirable tensile ductility and possesses acceptable durability against AMD for cutoff wall applications at mining 
sites.   

1. Introduction 

The important sulfide mining industry produces commonly used 
metals such as copper and nickel. Acid Mine Drainage (AMD) is pro-
duced from sulfide mine waste rock and tailings in the presence of water 
and air [1,2], which is a widespread environmental problem associated 
with both working and abandoned mining operations [2,3]. The AMD is 
an acidic solution containing heavy metals (i.e., Fe, Zn, Pb, Cu, Ni) and 
sulfate ions which pose a potential threat to human, plants and aquatic 
organisms [1]. The treatment, control and prevention of AMD have 
become one of the biggest environmental challenges facing the mining 
and mineral industry [1–4]. 

The use of vertical cutoff walls, as a cost-effective pollution-control 
method, has been successful in managing contaminant flow in the vi-
cinity of mine tailing dams [5,6]. Typically, vertical cutoff walls can be 
classified as soil-bentonite (SB), cement-bentonite or 
slag-cement-bentonite (CB) and soil-cement-bentonite (SCB), and have 
been widely applied to contaminated site remediation projects [7–11]. 

Nevertheless, the conventional cutoff wall is susceptible to irreversible 
cracking caused by drying shrinkage, over pressurization, and 
over-loadings [7,12–14], and once cracked will become highly perme-
able. The hydraulic conductivity of conventional cutoff wall increases by 
2–3 orders of magnitude due to crack formation and dilation, which 
would significantly reduce the service life [15]. It is necessary to develop 
new materials with better crack control ability [13]. 

Engineered Cementitious Composite (ECC, also known as Strain- 
Hardening Cementitious Composites, or SHCC), a high-performance 
fiber-reinforced cementitious material, has been studied for its effec-
tiveness as vertical cutoff wall for levees in seismic regions [12]. Unlike 
normal concretes, ECC shows tensile strain-hardening and 
multiple-cracking behavior [16,17]. The durability of ECC under a va-
riety of exposure conditions have been extensively studied [18,19] and 
is found to improve over normal concrete in general. Specifically, the 
tight crack width and self-healing characteristic of ECC maintain a low 
hydraulic conductivity of the material even under large imposed tensile 
strains [20–22]. Moreover, the hydraulic conductivity of ECC in various 
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environmental exposure conditions (i.e., distilled water, tap water, 60 
�C hot water, and Ca(OH)2 solution) [20,21] meets the allowable limit 
(10� 8 - 10� 9 m/s) suggested by US Environmental Protection Agency 
(EPA) [23] for contaminant transport control [8]. Therefore, ECC ver-
tical cutoff walls are expected to be ideal for enhancing seepage control 
of AMD in tailing dams. 

The sulfuric acid in AMD is a key damage concern to cement-based 
composite substructures [4,5]. In field conditions, sulfates react with 
aluminum in fly ash-Portland cement (PC) matrix to form ettringite 
(AFt) [24]. According to the crystal growth pressure theory, the driving 
force of crystallization pressure in the matrix pores could induce tensile 
stress and material cracking, which lead to early failures of cutoff wall 
structures before reaching their intended service life [25,26]. A notable 
deterioration up to 35.7% compressive strength loss was observed for 
mortar specimens exposed to sulfate and sulfate-chloride solution for 
420 days [27]. Unlike conventional concretes and mortars, ECC under 
the same exposure condition was found to achieve a tensile strength of 
6.29 MPa and tensile strain capacity up to 2.14% with multiple cracking 
after 200 days [27]. €Ozbay et al. [28] investigated the dual effect of 
sodium sulfate solution and freeze-thaw cycles on the ECC’s ductility, 
which decreased remarkably after 300 freeze-thaw cycles in 5.0% (wt%) 
sodium sulfate solution. Liu et al. [29] has found that ECC could also 
autogenously heal in sulfate solutions and tends to heal faster and more 
completely in 5.0% (wt%) sulfate solution than in water. Additionally, 
the tensile ductility, crack distribution, and mechanical performance 
and hydraulic conductivity of ECC cut-off walls [12] have been exten-
sively assessed. However, there is currently no research reporting on the 
durability of ECC exposed to AMD from sulfide mines. 

Magnesia (MgO) has been widely used in PC to prevent crack for-
mation induced by temperature gradients in dam concrete [30,31]. The 
addition of MgO results in rapid setting and high resistance to chemical 
attack [32,33]. The MgO also enhances the compressive strength of 
PC-based materials, since the hydration products, brucite (Mg(OH)2) 
and hydrotalcite (Mg6Al2CO3(OH)16)-like phases (Ht), in addition to 
calcium silicate hydrate (C–S–H) and Portlandite (Ca(OH)2) can effec-
tively densify the matrix [22,34,35]. Furthermore, previous studies 

Table 1 
Properties of PVA fiber.  

Length 
(mm) 

Diameter 
(μm) 

Elongation 
(%) 

Density 
(kg/m3) 

Young’s 
modulus 
(GPa) 

Fiber 
strength 
(MPa) 

8 39 6 1300 42.8 1600  

Table 2 
Chemical compositions of cement, fly ash and MgO.  

Oxide Chemistrya PC (%) FA (%) MgO (%) 

SiO2 19.19 38.56 0.31 
Al2O3 15.4 17.92 0.2 
SO3 2.54 1.86 – 
MgO 3.46 4.35 95.76 
P2O5 – 1.12 – 
K2O 0.07 0.97 – 
TiO2 0.39 1.24 0.01 
Fe2O3 2.13 9.27 0.13 
CaO 54.79 20.92 0.81 
Cl – 0.01 0.03 
Loss on ignition 2.03 3.78 2.75  

a Chemical compositions were analyzed by X-ray fluorescence method using 
ARL9800XPþXRF spectrometry. 

Table 3 
Mixture proportions of ECCs (mass ratio).  

Mixture 
ID 

Binder Sand/ 
binder 

Water/ 
binder 

SP/ 
binder 

Fibera 

Cement MgO FA 

E1.2 1 0 1.2 0.36 0.25 0.32% 2% 
MgO- 

E1.2 
0.94 0.06 1.2 0.36 0.25 0.56% 2% 

E2.2 1 0 2.2 0.36 0.25 0.25% 2% 
MgO- 

E2.2 
0.94 0.06 2.2 0.36 0.25 0.48% 2%  

a PVA fiber content is by volume (%). 

Table 4 
Chemical analysis results of AMD sampled from Solomon Creek, 
PA, USA.  

Parameters Data 

pH (fielda) 5.58 
pH (labb) 5.87 
Temperature (field) (�C) 15.4 
Temperature (lab) (�C) 20.1 
Total dissolved solids (mg/L) 2800 
Total alkalinity (mg/L) 106 
Electronic conductivity, μS/cm 1390 
Sulfate ion (mg/L) 640 
Ferric iron (mg/L) 1900 
Ferrous iron (mg/L) 190 
Aluminum (mg/L) 1.2 
Manganese (mg/L) 17 

Note. 
a pH is measured in the borehole by YSI Pro plus multi- 

parameter water quality probe meter. 
b pH is measured in the laboratory by Hanna Instruments HI 

9313–6 portable pH/EC meter. 

Fig. 1. Dimensions of the dumbbell specimen for uniaxial tension tests.  

Table 5 
MgO content, FA/(PCþMgO) ratios, wet-dry cycles and number of replicates for 
the various tests.   

MgO content 
(%) 

FA/ 
(PCþMgO) 

Wet-dry 
cycles 

No. of 
replicates 

Compression 0, 6 1.2, 2.2 24 4 
Mass change 0, 6 1.2, 2.2 24 4 
Tension 0, 6 1.2, 2.2 24 4 
Self-healing 0, 6 1.2, 2.2 12 2 
pH 0, 6 1.2, 2.2 12 3 
XRD 0, 6 1.2 12 2 
MIP 0, 6 1.2, 2.2 24 2  
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demonstrated improvements in self-healing capacity and permeability 
of cement-based materials when MgO is incorporated [34,36,37]. Thus, 
MgO addition may promote self-healing and durability of ECC exposed 
to AMD. 

The present research aims to investigate changes in mechanical 
properties of ECCs with/without MgO addition when exposed to AMD, 

and to understand the underlying mechanisms of their deteriorations 
under such exposure condition. Compressive strength, mass loss, tensile 
behavior and self-healing capability were assessed. In addition, the 
ECC’s pore structure, self-healing products and the pH of the soaking 
solution were studied to fully understand the influence of AMD attack on 
ECC’s microstructure and self-healing capacities. The research findings 
are expected to provide data and guidelines for future design and 
application of ECC in cutoff walls. 

2. Materials and testing methods 

2.1. Materials and mix proportions 

The materials used for making ECC included Type I Portland cement 
(PC), ASTM Class F fly ash (FA), tap water, silica sand, polyvinyl-alcohol 
(PVA) fiber and superplasticizer (SP). Type I PC was manufactured by 
Lafarge (Southfield, MI, USA) and conformed to ASTM C150 [38]. Class 
F FA satisfying ASTM C618 [39] was obtained from Headwaters Re-
sources Inc. (Monroe, MI, USA). The silica sand with a maximum grain 
size of 200 μm and an average grain size of 75 μm was chosen. The PVA 
fiber was manufactured by Kuraray Co., Ltd. The physical properties of 
PVA fiber are given in Table 1. 

The MgO (MAGOX® premium grade) with 95.76% purity was used 
as supplemental material. The amount of MgO powder used in the 
mixture is 6% by substituting the mass of PC (ASTM C150 [38]). The 
chemical compositions of PC, FA and MgO are listed in Table 2. The 
polycarboxylate-based superplasticizer (ADVA 190, W.R. Grace & Co.) 
was added to adjust the rheological properties of the fresh mixture for 
better fiber dispersion and ECC workability. The PVA fiber volume 
fraction was fixed at 2% and the surface of the PVA fibers was coated 
with a proprietary hydrophobic oiling agent of 0.8% by mass. 

Table 3 shows the details of the mix proportions of four ECC mixes 
denoted as E1.2, MgO-E1.2, E2.2 and MgO-E2.2, where MgO-E1.2 and 
MgO-E2.2 referred to the matrix with 6% additional MgO, while E1.2 
and E2.2 referred to the fixed fly ash-PC and MgO mass ratios (FA/ 
(PCþMgO) ¼ 1.2 and 2.2 by mass). 

All mixtures were prepared using a 12-L Hobart mortar mixer. 
Firstly, all solid ingredients (i.e., PC, FA, sand, and MgO) were mixed 
without water at 100 rpm for 3 min. Then tap water and SP were added 
and mixed with powder ingredients for 5 min to achieve a flowable and 
homogenous mortar. The PVA fibers were then added and mixed at the 
same rate for an additional 5 min. The fresh mixture was cast into molds 
and vibrated for 5 min on an electromagnetic vibration table. All spec-
imens were covered with a plastic sheet for 24 h before demolding. 
These specimens were set in air at temperature of 20 � 2 �C and relative 
humidity (RH) of 65 � 2% for 28 days. The AMD was taken from the 
borehole as an artesian discharge before entering Solomon Creek, PA, 
USA. The AMD sample stored in high-density polyethylene bottles were 
supplied by Eastern PA Coalition for Abandoned Mine Reclamation 

Fig. 2. ECC compressive strength variation with wet-dry cycles showing (a) a generally increasing trend in tap water, but (b) an initial increase followed by decrease 
in AMD. 

Fig. 3. ECC compressive strength ratios are negatively affected by AMD after 
24 wet-dry cycles. The addition of MgO alleviates some of this deterioration. 

Fig. 4. ECC shows mass loss during wet-dry cycles in AMD. The addition of 
MgO alleviates some of this deterioration. 
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(EPCAMR). The chemical analysis of AMD is summarized in Table 4. 

2.2. Testing methods 

Compression test was carried out on cube specimens measuring 50 �
50 � 50 mm with a FORNEY F-96 machine under a loading rate of 0.3 
MPa/s according to ASTM C109/C109 M [40]. Uniaxial tension test was 
performed with the dumbbell shaped (Fig. 1) specimen recommended 
by the Japan Society of Civil Engineers [41]. A 10-kN loading capacity 
Instron instrument (ElectroPlus™ E10000 Linear-Torsion Model) was 
used under a loading rate of 0.5 mm/min. The dumbbell shaped speci-
mens were clamped by two identical loading fixtures. The fixed chuck 
was mounted on the bottom base of instrument, the other hinge chuck 
was connected to the loading bar. Two grips providing fixed support to 
both ends of the specimen (rotations and transverse displacements were 
restrained). Two external linear variable differential transformers 
(LVDTs) were attached to the middle part of the specimen with a gauge 
length of 80 mm to measure the deformation. After tension test, the 

tensile crack patterns were obtained by counting crack numbers and 
measuring crack width along the middle line of the specimen under 
unloaded condition. 

The wet-dry cycles were used as an accelerated testing method to 
simulate field scenarios in which ECC cutoff walls were subjected to 
frequent fluctuation of the groundwater level due to seasonal variations 
[42]. The wet-dry cycles involve immersing the specimens in an 
acid-resistant plastic storage tank with AMD (pH ¼ 5.87) or tap water 
(pH ¼ 8.13) for 24 h, followed by drying the specimens in a room 
condition (20 � 2 �C, 65 � 2% relative humidity) for additional 24 h. 
The solution in the tank was replaced after each cycle and the ratio of 
solid-liquid volume was kept at 1:500. After each wet-process, the 
specimens were moved from the AMD solution or tap water, and any 
liquid on the surface of the specimens was wiped quickly and carefully 
using filter papers. The solution pH is measured by Hanna Instruments 
HI 9313–6 portable pH/EC meter. 

As a rapid and nondestructive testing technique, the resonant fre-
quency (RF) measurement was used to quantify the degree of damage 
and self-healing in ECC materials [43,44]. The RF measurements were 
conducted using the Resonance Tester (RT-1) system in accordance with 
ASTM C215 [45] for evaluating the integrity of the specimens. The RF 
measurements were taken before and after specimen preloading (strain 
¼ 2.0%) to evaluate the variation due to microcracking. RF measure-
ments were repeated after each wet-dry cycle to evaluate the rate of 
self-healing. As an indicator of RF recovery, the initial recovery ratio 
(RRF) before exposure and final RRF after exposure were calculated using 
Eqs. (1) and (2). 

Initial RRF ¼ RFi; cracked
�

RFi; control (1)  

Final RRF ¼ RFf ; cracked
�

RFf ; control (2)  

where RFi,control is the initial RF value of control specimen (with no 
preloading) before exposure, RFi, cracked is the initial RF value of cracked 
specimen (with 2.0% preloading) before exposure, RFf,control is the final 
RF value of control specimen (with no preloading) after exposure, RFf, 

cracked is the final RF value of cracked specimen (with 2.0% preloading) 
after exposure. A higher final RRF reflects higher recovery ability. A 

Fig. 5. Cumulative pore volume of specimens in various conditions: (a) before wet-dry cycles; (b) decrease after 24 cycles in tap water; and (c) increase after 24 
cycles in AMD. 

Fig. 6. Pore volume percentage of specimens before and after wet-dry cycles. A 
coarser pore structure is observed in ECC after exposure to AMD wet-dry cycles. 
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value of 100% implies complete self-healing. 
After each wet-dry cycle, the crack width of the specimens was 

recorded using the Infinity X–C21 electron microscope equipped with 
high-performance zoom lens (Hirbor CX-50470RZ, Japan) and 
discriminant analysis method as per Li [46]. 

Self-healed products and ECC samples were extracted for XRD and 
MIP tests, respectively. The XRD tests were conducted on RigakuD/Max- 
2500 using a Cu-Kα source with a wavelength of 1.5405 Å. The instru-
ment was operated at 40 kV and 20 mA. A step size of 2θ ¼ 0.02� and a 
scanning speed of 5 s/step are used. Samples were analyzed over a range 
of 2θ from 5� to 60�. Approximately 1 cm3 samples were carefully cut 
and frozen using liquid nitrogen (� 195 �C) followed by storing in frozen 
water at � 80 �C. The MIP tests were performed on dried samples using 
an Auto Proe IV 9510 mercury intrusion porosimeter with capable of 
producing pressures up to 414 MPa. The instrument measures the pore 
sizes ranged from 0.003 to 1000 μm. The pore diameter was calculated 
using the following capillary pressure equation according to ASTM 
D4404 [47]: 

d¼ �
4τ cos α

p
(3)  

where d (μm) ¼ pore diameter; τ (N/m) ¼ the surface tension; α (�) ¼
contact angles of mercury with the solid; and p (N/m2) ¼ applied 
pressure of mercury intrusion. In this study, the contact angle was set at 
139�, and surface tension value was set as 4.84 � 10� 4 N/mm. The MgO 
content, FA/(PCþMgO) ratios, wet-dry cycles, and number of replicates 
for the various tests are summarized in Table 5. 

3. Experimental results 

3.1. Compressive strength 

Fig. 2 (a) and (b) show the effects of wet-dry cycles in tap water and 
AMD on the compressive strength of the four ECC mixes. The 
compressive strength of all ECC mixes increased monotonically when 
subjected to wet-dry cycles in tap water (Fig. 2 (a)). After 24 cycles, the 
continued hydration of PC increased compressive strength by 4.7%– 
9.6% for E1.2 and E2.2, but 8.9%–12.0% for MgO-E1.2 and MgO-E2.2. 
For specimens subjected to AMD wet-dry cycle exposures, the 
compressive strengths increased up to the 10th cycle, and decreased 
subsequently (Fig. 2 (b)). After 24 cycles, the AMD exposure reduced 
compressive strength by 6.6%–7.2% for E1.2 and E2.2 and by 2.5%– 
4.4% for MgO-E1.2 and MgO-E2.2. 

The decreases in ECC’s compressive strength can be attributed to, 1) 
attack of hydration products (i.e., C–S–H, CaCO3, Mg(OH)2, and Ca 
(OH)2) by the free Hþ in AMD [48,49]; 2) the reaction of sulfate ion with 
Ca(OH)2 to form gypsum, causing expansion and cracks by crystalliza-
tion pressures [48–51]. The observed increase in compressive strength 
for the first 10 cycles indicates that the continued hydration process 
dominated over the erosion effect by AMD solution during the early 
period. 

The compressive strength ratios (CSRs) (Eq.(4)) after the 24 wet-dry 
cycles in tap water and AMD are summarized in Fig. 3. It should be noted 
that the resistance of ECC against AMD attack is higher when MgO is 
added. This is attributed to the denser pore structure of the MgO-E1.2 
and MgO-E2.2, as shown in the “Pore size distribution” section below. 

CSRs ð%Þ ¼CSafter
�

CSbefore (4)  

where CSbefore and CSafter are the compressive strength before and after 
the wet-dry cycles, respectively. 

3.2. Mass change 

Fig. 4 shows the mass changes of specimens exposed to AMD solution 
and tap water during the wet-dry cycles. The evolution trend of mass 

Fig. 7. Uniaxial tensile stress-strain curves (a) before and (b) after wet-dry 
cycles, showing a tendency of deterioration in tensile strain capacity. 

Table 6 
Uniaxial tensile properties obtained from stress-strain curves and dumbbell 
shaped specimens.  

Exposure Batch ID E1.2 MgO- 
E1.2 

E2.2 MgO- 
E2.2 

Air 
curing 

First cracking 
strength (MPa) 

5.06 �
0.15 

4.35 �
0.06 

4.29 �
0.03 

3.63 �
0.11 

Tensile strength 
(MPa) 

5.37 �
0.14 

6.10 �
0.07 

4.64 �
0.12 

5.11 �
0.24 

Tensile strain 
capacity (%) 

3.35 �
0.07 

3.61 �
0.10 

3.76 �
0.11 

4.30 �
0.18 

Avg. crack width 
(μm) 

43.79 37.24 31.62 28.70 

Crack numbers 51 62 71 79 
Tap 

water 
First cracking 
strength (MPa) 

5.21 �
0.15 

4.41 �
0.22 

4.37 �
0.11 

3.77 �
0.20 

Tensile strength 
(MPa) 

5.75 �
0.10 

6.43 �
0.21 

4.84 �
0.11 

5.73 �
0.05 

Tensile strain 
capacity (%) 

2.5 �
0.17 

2.8 �
0.08 

2.6 �
0.03 

3.1 �
0.09 

AMD First cracking 
strength (MPa) 

3.86 �
0.12 

3.15 �
0.02 

3.27 �
0.11 

3.04 �
0.12 

Tensile strength 
(MPa) 

4.41 �
0.01 

4.81 �
0.06 

3.92 �
0.14 

4.17 �
0.03 

Tensile strain 
capacity (%) 

2.17 �
0.07 

2.43 �
0.04 

2.64 �
0.15 

2.73 �
0.01  
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change agreed with that of compressive strength. Specimens exposed to 
tap water showed higher mass gain with the number of cycles. After 24 
cycles, the mass increased by 1.89%–2.32% for E1.2 and E2.2, and 
2.26%–2.77% for MgO-E1.2 and MgO-E2.2. In contrast, AMD solution 
led to a reduction in ECC’s mass during the wet-dry cycles. A sharp drop 
was observed in the 1st to 2nd cycle which was attributed to the 
corroded matrix by the Hþ from the AMD. Compared to the original 
mass (cycle ¼ 0) prior to wet-dry cycle, adding MgO decreased the mass 
loss by 0.38% and 0.22% for E1.2 and E2.2, respectively, indicating that 
the addition of MgO improved the AMD resistance. This is attributed to 
the expansive products Mg(OH)2 in the MgO-E1.2 and MgO-E2.2 which 
densify the microstructure and lessen the acid attacked, which will be 
shown in the “Pore size distribution” and “X-ray diffraction analysis” 
sections. 

3.3. Pore size distribution 

Fig. 5(a)–(c) shows the cumulative pore volumes for the specimens 
before and after wet-dry cycles under tap water and AMD exposure. 
Before the wet-dry cycles, the MgO addition in ECC decreased the cu-
mulative pore volume by 3.6%–5.7% for MgO-E1.2 and MgO-E2.2, 
respectively. This is evident that the addition of MgO densifies the 
matrix due to the volume expansion associated with the formation of 
brucite [52,53]. However, the brucite does not make a significant 
contribution to the strength development as compared with hydration 
products of PC (i.e., C–S–H) [54]. The cumulative pore volume of all 
specimens decreased when the specimens were exposed to tap water 
cycles (Fig. 5 (b)), but increased for AMD cycles (Fig. 5 (c)). The results 
of pore structure measurements were consistent with the observed 
trends for compressive strength as shown in Fig. 3. 

Fig. 6 presents the pore volumes for pore diameters in different 
ranges: � 0.0045 μm (gel microspores), 0.0045–0.05 μm (meso-pores), 
0.05–0.1 μm (gel microspores) and �0.1 μm (large capillary pores). This 

classification of pore sizes is in accordance with that suggested by 
Ref. [55] for concrete. As compared to the references E1.2 and E2.2, 
adding MgO in ECC significantly reduced the medium capillary pores 
but increase the gel microspores before wet-dry cycles. The total capil-
lary pores of MgO-E1.2 and MgO-E2.2 were observed to decrease by 
20.4% and 23.0% compared with E1.2 and E2.2, respectively. The 
decreased total capillary pores were expected to improve the durability 
of ECC [56]. The proportions of medium capillary pores of all specimens 
decreased substantially after exposure to tap water cycles, but signifi-
cantly increased after AMD cycles. The exposure conditions do not 
significantly affect the meso-pores volume, regardless of tap water or 
AMD exposures. 

3.4. Tensile performance 

The results of uniaxial tension tests before and after wet-dry cycles 
are shown in Fig. 7(a)and(b). The typically distinct elastic and strain- 
hardening stages were observed in all mixes. The first cracking 
strength, (ultimate) tensile strength and tensile strain capacity, residual 
average crack width and crack numbers are tabulated in Table 6. 

For the E1.2 and E2.2, the first cracking strength was 5.06 and 4.29 
MPa, respectively. Introducing MgO in ECC led to a reduction in first 
crack strengths by 14.0% and 15.4% for E1.2 and E2.2, respectively. 
This was attributed to the lower cement content after MgO substitution 
that weakened the ECC matrix. Nevertheless, adding MgO in ECC 
enhanced the ultimate tensile strength up to 6.10 and 5.11 MPa, and 
improved the tensile strain capacity to 3.61% and 4.30% for E1.2 and 
E2.2, respectively. Adding MgO in ECC tended to decrease the average 
crack widths while increasing crack number as shown in Table 6. ECC’s 
multiple cracking behavior was promoted by the addition of MgO. 

Fig. 7 (b) shows that the first cracking strength and ultimate tensile 
strength for all specimens increased as exposed to tap water. This was 
attributed to the long-term cement hydration and pozzolanic reaction, 

Fig. 8. Relation between the resonant frequency and wet-dry cycles: (a) Tap water, (b) AMD. The addition of MgO aids in self-healing.  

Table 7 
Recovery ratio before and after 12 wet-dry cycles.  

Set Mixture ID Before exposure After exposure 

RFi, control
a RFi, cracked

b Initial RRF RFf, control
c RFf, cracked

d Finial RRF 

Tap water 0%E1.2 2507 901 35.9% 2622 1933 73.7% 
6%E1.2 2669 1281 48.0% 2673 2074 77.5% 
0%E2.2 3159 1823 57.7% 3306 2529 76.5% 
6%E2.2 3191 1824 57.1% 3649 2942 80.6% 

AMD 0%E1.2 2507 901 35.9% 2622 1836 70.0% 
6%E1.2 2669 1281 48.0% 2595 1933 74.5% 
0%E2.2 2964 1710 57.7% 3419 2489 72.8% 
6%E2.2 3191 1824 57.1% 3757 2880 76.7%  

a RFi,control ¼ Initial RF value of control specimen (with no preloading). 
b RFi, cracked ¼ Initial RF value of cracked specimen. 
c RFf, control ¼ Final RF value of control specimen (with no preloading). 
d RFf, cracked ¼ Final RF value of cracked specimens. 
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which enhanced matrix density and fiber-matrix interfacial bond [57]. 
On exposure to AMD, however, the free Hþ and sulfate ions weakened 
ECC’s matrix as evidenced by the evolutions of compressive strength 
(Fig. 2) and pore structure (Fig. 5), thereby leading to reductions of 
23.7% in first cracking strength and 17.8% in ultimate tensile strength. 
In addition, tensile strain capacity of ECC and MgO-ECC decreased by 
22.4%–27.9% for tap water exposure and 29.8%–36.5% for AMD 
exposure after 24 cycles. Reductions in tensile ductility can be further 
addressed by characterizations of fiber-matrix interface and is beyond 
the scope of this study. 

3.5. Recovery of resonant frequency and self-healing phenomenon 

Fig. 8(a) and (b) show the change of RF value after each cycle for 
various preloaded specimens subjected to tap water and AMD exposures. 
The tests were stopped at the 12th cycle since no significant change was 
observed in RF with further cycling beyond the 6th cycle. There was a 
clear trend that the RF value increased at the early period (0–6 cycles) 
and leveled off with the number of cycles. This is attributed to crack- 
healing with wet-dry cycles. For the tap water condition, the threshold 
cycle numbers for the E1.2 and E2.2 before the RF reached steady state 
were at 5th and 4th cycles, respectively; whereas the corresponding 
threshold was 4th and 3rd cycles for the MgO-E1.2 and MgO-E2.2, 
respectively. This indicates that the addition of MgO in ECC 

Fig. 9. Typical crack sealing pattern of specimens at 0, 4th and 12th wet-dry cycles (Tensile strain ¼ 2%, Crack width ¼ 35.2–46.7 μm).  

H.-L. Wu et al.                                                                                                                                                                                                                                  



Cement and Concrete Composites 108 (2020) 103550

8

accelerates the recovery rate under tap water exposure. When exposed 
to AMD cycles, the threshold to steady state was delayed to the 6th cycle 
for both E1.2 and MgO-E1.2, and the 5th cycle for both E2.2 and MgO- 
E2.2. 

Table 7 summarizes the RRF of ECC and MgO-ECC before and after 
the 12 wet-dry cycles. A slight increase in RF value is observed for the 
control specimens due to the continued hydration [43,44]. As shown in 
Table 7, the initial RRF of preloaded specimens dropped to 35.9% and 
57.7% for E1.2 and E2.2, respectively, due to the formation of micro-
cracks led by preloading. Self-healing of ECC in tap water and AMD led 
to a substantial increase in RRF. After the 12 wet-dry cycles, the final RRF 
values of all preloaded specimens were lower under the AMD exposure 
condition than the tap water exposure condition. The specimens of 
MgO-E1.2 and MgO-E2.2 displayed a relatively higher final RRF than 
E1.2 and E2.2 irrespective of the exposure condition, indicating that the 
self-healing ability was improved by the MgO addition. 

Fig. 9 shows sealing patterns of microcracks (crack width ¼
35.2–46.7 μm) for all specimens during the self-healing process (0, 4th, 
12th cycles). The microcracks in all specimens were sealed after 4 cycles 
under the tap water exposure. AMD exposure significantly delayed the 
crack sealing process. However, the ECC self-healing could be improved 
by introducing additional MgO. 

3.6. Solution pH variation 

Fig. 10 shows variation in soaking solution pH with wet-dry cycles 
for the ECC and MgO-ECC specimens. The soaking solution pH increased 
during the wet-dry cycles. This is attributed to the OH� released from 
the dissolution of hydration products (i.e., C–S–H and Ca (OH)2) and the 

hydration of unreacted MgO (Eqs. (5)–(6)), which neutralized the free 
Hþ in AMD solution; 

CaðOHÞ2 → Ca2þ þ 2OH� (5)  

MgOþH2O→Mg2þ þ 2OH� (6) 

There was a clear tendency that the soaking solution pH decreased 
with wet-dry cycles and leveled off after 10 cycles, for both tap water 
and AMD. After 12 cycles, the soaking solution pH ranged from 8.73 to 
9.25 for tap water and 8.02 to 8.63 for AMD solution. This trend was 
attributed to the depleting OH� content in the ECC matrix with wet-dry 
cycles in the periodically renewed soaking solution. 

The addition of MgO decreased the pH of the soaking solution due to 
the lower cement content. It is noted that the soaking solution pH 
significantly affected the formation of self-healing hydration products (i. 
e., CaCO3) as shown in Eqs. (7)–(11) [57]. The alkaline environmental 
provided a suitable condition for self-healing which was diminished 
under AMD exposure (Fig. 9). Consistently, the RF recovery (Fig. 8) was 
limited by the relatively lower soaking solution pH under AMD 
exposure. 

H2OþCO2 ↔ H2CO3 ↔ Hþ þ HCO�3 ↔ 2Hþ þ CO2�
3 (7)  

Ca2þ þCO2�
3 ↔ CaCO3 ðpH > 8Þ (8)  

Ca2þ þHCO�3 ↔ CaCO3 þ Hþ ð7:5 < pH < 8Þ (9)  

MgðOHÞ2þH2Oþ CO2 ↔ MgCO3⋅3H2O (10)  

Ca2þ þ Mg2þ þ CO2�
3 →CaxMgð1� xÞCO3 (11)  

3.7. X-ray diffraction analysis 

The XRD patterns of self-healing products from the E1.2 and MgO- 
E1.2 specimens exposed to tap water and AMD solution are shown in 
Fig. 11. For both E1.2 and MgO-E1.2 specimens, poorly crystalline 
C–S–H (2θ � 26.8�, 29.5� and 49.0�) and calcite (CaCO3, 42.8� and 
50.5�) were identified as the self-healing products [ [35,58–60]]. Por-
tlandite (Ca(OH)2, 26.8�, 36.0�, 45.8�, and 47.5�) was also identified 
[34]. The crystallization of CaCO3 was considered as the primary 
mechanism in the self-healing of ECC at later ages [57]. As the PC hy-
dration products dissolved in water, amount of calcium ions released 
and then dissipated along the cracking surface. Meanwhile, the free 
calcium ions reacted with CO2 dissolved from air following Eq. (7) – Eq. 
(8). Finally, the growing crystals filled in the cracks (Fig. 9) contributing 
to the increase of RF shown in Fig. 8. 

Under AMD exposure, the peaks were absent at 26.8�, 45.8�, and 
50.5� indicating dissolutions of Ca(OH)2 and CaCO3 by the free Hþ

(Fig. 10). The dissolution of self-healing products led to a lower recovery 
rate of RF when exposed to AMD as compared to tap water (Fig. 8 and 

Fig. 10. Variation of soaking solution pH with the number of cycles: (a) tap water; (b) AMD.  

Fig. 11. X-ray diffractograms of self-healing products from specimens after 
wet-dry cycles. 
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Table 7). The influence of MgO addition on the formation of self-healing 
products was confirmed by the brucite (Mg(OH)2) peaks at 20.2� and 
37.5� and hydromagnesites peak at 32.2� [58,60]. Furthermore, the 
peaks at 22.8� and 39.6� confirmed the formation of Ht [34,61]. The 
Mg-rich products (i.e., Mg(OH)2, hydromagnesites and Ht) contributed 
to the high recovery rate of MgO-ECC on both tap water and AMD ex-
posures (Fig. 8 and Table 7). 

4. Conclusions 

This study investigated the durability of ECC subjected to wet-dry 
cycles in the acidic mine drainage (AMD) environment. ECC’s me-
chanical properties and self-healing capability were evaluated. The 
following conclusions can be drawn:  

1) Exposure of ECC to wet-dry AMD cycles resulted in a coarser pore 
structure, leading to 7.2% reduction in compressive strength and 
4.4% loss in mass. This was attributed to the AMD-induced sulfuric 
acid attack on the ECC matrix. Further, the first cracking strength, 
ultimate tensile strength and tensile strain capacity decreased by 
23.7%, 17.8% and 36.5% after 24 wet-dry cycles, respectively.  

2) Adding MgO to the ECC (MgO-ECC) led to 16.7% reduction in first 
cracking strength, but increased the ultimate tensile strength and 
strain capacity up to 6.1 MPa and 4.3%, respectively. A decrease in 
average crack widths and an increase in crack numbers were found. 
Adding MgO also densified the ECC matrix, thereby moderating the 
compressive strength reduction by 5.1% and mass loss by 0.38% 
during the 24 wet-dry AMD cycles. Further, the ultimate tensile 
strength and strain capacity were higher for MgO-ECC than for ECC 
after the AMD exposure. Thus, the MgO addition was effective in 
enhancing ECC’s resistance to AMD attack.  

3) Adding MgO to ECC accelerated the self-healing process in water by 
shortening the healing time from 5 cycles to 3 cycles. This was 
attributed to the expansive hydration products comprised of brucite, 
C–S–H, CaCO3 and calcium hydroxide in the MgO-ECC.  

4) Self-healing of microcracks in ECC diminished under AMD condition 
due to the acidic environment and the dissolution of self-healing 
products by the free Hþ. MgO addition was found to restore ECC’s 
self-healing behavior through by forming brucite, hydromagnesites 
and hydrotalcite when exposed to AMD. 

Although ECC’s first cracking strength, ultimate tensile strength and 
tensile strain capacity are reduced by AMD exposure, the residual 
properties remain significantly higher than those of conventional ma-
terials for cutoff walls. Further, the findings reported here suggest that 
both ECC and MgO-ECC are effective as a construction material of cutoff 
walls for mine tailing disposals. The moderate reductions in strength and 
mass and higher self-healing capability are conducive to the structural 
durability in such conditions. However, additional investigations are 
needed in understanding long-term durability of MgO-ECC using larger 
scale specimens. Further studies should also be focused on micro-
mechanics associated with the MgO-ECC in response to uniaxial tensile 
loads. 
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