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A B S T R A C T

Geopolymers have been extensively explored as a promising repair material for deteriorated Ordinary Portland 
Cement (OPC) concrete elements. However, knowledge of the adhesion performance of geopolymer to concrete 
substrates is limited. This study investigates the bond performance of low calcium fly ash geopolymer (FAGP) 
mortar and concrete for holistic acidic environmental conditions, such as in sewer rehabilitation. The bond 
evaluation was conducted by slant-shear test, performed at different substrate conditions, namely Rough-Dry, 
Rough-Saturated, Smooth-Dry and Smooth-Saturated, to simulate the in-service condition of a typical sewer 
pipe wall. The standard OPC repair mortar and a commercially available proprietary geopolymer repair product 
(P-GP) were evaluated and compared as controls to ascertain the viability of geopolymer for repair application. 
The shear bond strength of FAGP mortar was found to be in the order of 14 MPa, outperforming OPC and P-GP in 
all substrate conditions. Even though FAGP bond strength was insensitive to roughened substrate moisture levels, 
the synergistic effect of smoothness and moisture condition appeared detrimental. The testing of the prototype 
geopolymer-coated concrete pipe under line loading showed no sign of delamination at the bond plane. OPC and 
P-GP exhibited a distinct bond separation, which commenced at only 20 % of the ultimate load. The acid 
resistance and low permeability of FAGP mortar appeared to aid in preserving the repair bond.

1. Introduction

Repair of concrete is a rapidly evolving discipline seeking solutions 
for the perpetual demand to extend the service life of functionally 
obsolete structures [1,2]. Concrete repairs can be in various forms, 
including reconnecting fractured concrete surfaces for a reliable 
monolithic load transfer or encapsulating a damaged concrete surface to 
protect it from further exposure to hostile environments [3,4]. Concrete 
sewer infrastructure is one of the most vulnerable and expensive 
schemes to repair due to exposure to aggressive corrosive environments. 
This is primarily due to Microbial Induced Concrete Corrosion (MICC), 
which causes the concrete pipe wall in the sewer setting to disintegrate 
when cementitious products react with biogenic sulphuric acid, 
reducing sewer pipe service life significantly and requiring costly repair 
or replacement [5,6]. Extensive pipeline mileage to serve the growing 
urban population and increasing sewage temperatures due to climate 
change have been reported to enhance the degree of damage and repair 

incidence [7]. According to the Queensland Water Regional Alliance 
Program Research Report [8], the total length of sewers in Queensland, 
Australia, was 33,500 km in 2017, with a repair cost of 7.78 million 
AUD, excluding pipe renewals. With an optimistic replacement rate of 
0.3 % each year, the estimated sewer replacement cost by 2030 is 365 
million AUD, rising exponentially to 1.15 billion AUD by 2040. In 
response, efforts have been made to optimise cementitious formulations 
to resist biogenic sulphuric acid deterioration, with a greater emphasis 
on improving bond characteristics to overcome the poor reliability of 
Ordinary Portland Cement (OPC)-based repair binders at cold joints and 
their low microcrack resilience; however, with limited success [2,9,10]. 
Despite their superior acid resistance, polyurethane, epoxy resin, and 
acrylic polymer have also been reported to be short-lived as sewer lin-
ings due to material incompatibility with the existing concrete substrate. 
This property is critical to the composite’s monolithic behaviour, 
enabling it to resist curling, delamination, cracking, spalling and other 
factors such as thermal expansion, elastic modulus, and shrinkage [10]. 
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The high cost and sustainability issues were also reported, discouraging 
organic repair binder use [11]. Therefore, new materials are now being 
explored as repair systems for OPC sewer infrastructures.

Geopolymer has piqued the scientific community’s interest as a 
repair material for concrete because of its demonstrated OPC compati-
bility and high chemical resistance, durability, and sustainability 
[12–14]. Geopolymer has been extensively explored recently for its 
adherence to diverse concrete substrates [3,15,16] and repair feasibility 
on structural elements subjected to varying exposure conditions to avoid 
premature failures [17,18]. For instance, Pacheco-Torgal et al. [19]
found that geopolymers have comparable bond strength to commercial 
repair products. Abdulrahman et al. [20] also investigated the 
geopolymer-rebar bond strength against rebar anchorage length and 
discovered that geopolymer behaves similarly to OPC concrete, con-
firming that existing OPC concrete models can be used to estimate 
FA-based geopolymer bond capacity in structural member design. In 
another study, Tan et al. [21] discovered negligible deterioration in 
metakaolin-based geopolymer repair in aggressive environments 
involving moisture and temperature changes and recommended higher 
percentages of granulated blast furnace slag (GGBFS) in the binder to 
prevent efflorescence-induced repair strength loss. The revolutionary 
repair technology using strain hardening fibre-reinforced geopolymer 
overlay, according to [22], protects the steel reinforcement in concrete 
members exposed to harsh environmental conditions. Geopolymer bond 
strength is influenced by various factors, including constituent mate-
rials, formulation, and substrate conditions [23]. The augmentation of 
the reaction product at the bond interface is critical to the improved 
shear bond strength; most research incorporated Calcium (Ca)-rich 
constituents (GGBFS, class C FA) into the FA-based geopolymers to 
introduce strong Calcium-Silicate-Hydrate (C-S-H) and 
Calcium-Aluminate-Silicate-Hydrate (C-A-S-H) linkages to the existing 
Sodium-Aluminate-Silicate- Hydrate (N-A-S-H) gel [15,24]. Gomaa et al. 
[25] reported the excellent performance of alkali-activated geopolymers 
in terms of bond strength, ranking them from good to average with Ca 
percentage. The rapid reaction process of Ca-rich geopolymers allows 
for room-temperature curing, providing a distinct advantage over low 
calcium geopolymers that necessitate energy input for curing. Geo-
polymers have been in the market as a coating material for concrete 
water pipes for nearly a decade due to their rapid setting times and 
enhanced structural performance under compression; shorter bypass 
times due to pipe repair have been reported to result in less financial 
losses and community disruption than OPC repairs [9]. However, 
Gevaudan et al. [26], Valencia-Saavedra et al. [27] and Matthieu et al. 
[28] reported that Ca-rich geopolymers are still susceptible to sulphuric 
acid attack and their efficacy as a coating material is in question to 
deploy in harsh sewer conditions. Tan et al. [29], Ojha and Aggarwal 
[30] also reported that C-A-S-H bonds are susceptible to acid attacks 
despite enhancing bond strength. Hence, sufficient attention to 
short-term and long-term durability properties is important for using 
low calcium geopolymers as a repair material, despite the limited focus 
it has received to date. Since many geopolymer findings are limited to 
assessing either bond strength [31,32] or durability [33,34], additional 
research is necessary to evaluate the potential of low calcium geo-
polymers for repair purposes in aggressive sewer conditions.

Moreover, the influence of the adhesion and compatibility of the 
repair material, as well as the existing condition of the substrate, on the 
efficacy and longevity of the retrofit have been affirmed [35]. In the 
review by Fahim Huseien et al. [15], substantial guidelines for preparing 
the existing concrete substrate before repair application have been 
produced. The significance of surface roughness in enhancing bonds has 
frequently been investigated and is comparatively better understood 
[36,37]. However, its use in sewer pipe repair is limited by the rough-
ness levels of a typical sewer pipe, which range from smooth below the 
water level to moderate at the water line and high in the crown area, 
depending on acid corrosion intensity. Thus, a repair mortar with good 
binding strength at all roughness levels is required. The surface moisture 

content of the concrete substrate is considered another crucial factor for 
the success of the bond with the repair material and remains contro-
versial [38,39]. Some authors [32,40] propose a saturated dry surface 
for cementitious overlays on concrete substrates for better bonding and 
microstructure. Since geopolymerisation differs from cement hydration, 
more research is required as the above recommendations would not 
assist in predicting geopolymer bond strength on concrete substrates 
[41], particularly at different moisture conditions, which is typical in 
repairing sewer walls.

In addressing the above research gap, this study investigated the 
bond performance of low calcium FA-based geopolymer mortar. Slant 
shear strength tests implemented by Ganesh and Murthy [42] were 
conducted to quantify the overlay-substrate bond strength at different 
substrate conditions, simulating a typical sewer pipe wall condition. In 
addition, a test was devised to assess the fracture propagation and its 
qualitative impact on the repair interface in a lined pipe segment using 
the Digital Image Correlation (DIC) technique. Standard OPC and 
commercial geopolymer repair mortar were incorporated to compare 
results. The findings of this study offer insight into the feasibility of low 
calcium geopolymer as a repair system on concrete surfaces with diverse 
conditions ranging from dry to saturated and smooth to rough. 
Furthermore, the scope of this study could be broadened to investigate 
the long-term performance of geopolymer repairs in sewage environ-
ments, specifically the efficacy of low calcium geopolymer in mitigating 
the formation of detrimental calcium salts in the MICC process.

2. Materials and methods

2.1. Materials

Low calcium FA, ASTM Class F FA (from Queensland, Australia) was 
utilised as the raw material in geopolymer synthesis to limit the avail-
able free Ca2+ to react with acids. This type of material is used since this 
work is an antecedent to studies of geopolymer coating durability 
against biogenic sulphuric acid exposure. For comparison, OPC was used 
as a counterpart in this experiment; the chemical composition of these 
two binders determined by X-ray fluorescence (XRF) analysis is listed in 
Table 1. In the presence of low Ca2+, SiO2, Al2O3 and Fe2O3 were 
considered the key reactive components of class F FA used in this study, 
as also found by Lokuge et al. [43]. According to Chen et al. [44], 
crystalline SiO2 participates in geopolymerisation under specific 
conditions.

In geopolymer synthesis, these reactive components of FA precursor 
were activated by a pre-mixed alkali activator solution (AAS) composed 
of D-grade liquid sodium silicate (SS), 44.1 % solids by weight and re-
agent grade sodium hydroxide (SH) pellets diluted in tap water. Mortar 
mixes for GP and OPC were made with river sand of fineness modulus 
2.83. The sand was not graded specifically, but the particles were 
ensured to be between 75 and 500 microns. In this study, three distinct 
alkali-activated GP mortar mixes were used, and their mix designs were 
chosen with a target of 30 MPa to 40 MPa of 28-day compressive 
strength. A commercially accessible proprietary geopolymer (P-GP) 
mortar spray product was also incorporated in this study for bench-
marking purposes. In this investigation, a substrate with a higher stiff-
ness than the overlay was utilised to avoid undesirable cohesion failure 
in the substrate during the bond strength test. To obtain a 50 MPa 
substrate compressive strength, a weight ratio of 1:1:2:0.4 was chosen, 
comprising OPC precursor, fine aggregates (river sand), coarse aggre-
gates (maximum size 7 mm), and water. The mix proportions for sub-
strate and repair overlays are summarised in Table 2.

2.2. OPC concrete substrate preparation

The ASTM C882 standard [45] for slant shear test was followed in 
preparing the OPC concrete substrate, which represents the concrete 
sewer pipe wall. As shown in Fig. 1, cylindrical Polyvinyl chloride (PVC) 
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moulds of 50 mm diameter and 100 mm height were used to prepare the 
repair composites. Despite the inclined angle (α◦) for the bond plane 
stipulated by ASTM C882 [45] as 30◦, some researchers reported that a 
standard 30◦ bond plane is incompatible with all types of substrate 
surface roughness states because the external stress needed to cause a 
shear failure along the bond interface varies with the bond angle [36, 
40]. According to the Mohr-Coulomb failure criterion, the critical bond 
angle to produce minimal bond failure is a function of the internal 
friction angle, thus substrate surface roughness. Slant shear strength 
increases with substrate surface roughness, and material failure is more 
probable if the bond plane angle is wider than the critical angle. Ac-
cording to Austin et al. [36], α◦<30 is ideal for substrates with 
non-smooth surfaces to avoid distortion of test results. In contrast, 
Gomaa et al. [25] demonstrated that adhesion between alkali-activated 
material and concrete substrate material can be accurately predicted 
using the slant shear test at a bond angle of 45◦. Thus, this study used a 
45◦ bond plane angle (Fig. 1(b)) in addition to two other reasons. First, 
MICC-induced surface deterioration differs by location within the sewer 
pipe wall (Fig. 1(a) shows the crown area and tidal zone being most 
affected); adopting a common surface roughness for the substrate is, 
therefore, not feasible. Second, with steep bond planes, the fresh mortar 
fluidity (sprayable nature) of the selected overlay mixes may create 
varied strains along the plane due to mortar aggregate segregation.

The conventional methods of substrate synthesis for the slant shear, 
including cutting/sawing a full specimen into two identical halves and 

surface modification by water jetting, needle gunning, grooving, sand-
blasting, or sand filling, were avoided in this study due to the reported 
shortcomings of potential alterations in macro and micro characteristics 
of the material at the bond plane, thereby accelerating failure [35].

Alternatively, this work used 3D-printed surface roughness profiles 
where a random image of a deteriorated sewer pipe wall surface was 
projected onto a 3D printable shape to reproduce the substrate rough-
ness. Silicon profile moulds, as seen in Fig. 1(c), were made from the 3D 
printed profile for easy removal and to avoid any substrate surface 
contamination from using lubricants. The produced concrete substrates 
(Fig. 1(d)) were demoulded 24 hours later and stored in a moisture room 
at 24 ±2 ◦C and 96 % humidity for 28 days, followed by an additional 
seven days at ambient temperatures wrapped in polythene sheet to 
ensure the hydration process was approaching maturity.

2.3. Simulation of substrate conditions

Before applying the repair overlay, the aged substrates were condi-
tioned to simulate a typical sewer pipe wall. Since sewers typically 
function at part-flow, the moisture levels within the pipe walls vary. The 
subaqueous sewer walls at the bottom of the pipe are fully saturated, 
whilst the region above the water level is low in moisture [5]. However, 
in-situ investigations [7,46] have reported well-moistened sewer head-
space (crown area) resulting from the condensation of water vapour and 
other gases volatilised at the liquid-gas interface. In the current study, 

Table 1 
Chemical composition of the low-calcium fly ash binder in comparison with typical OPC.

Oxide, (wt%) SiO2 Al2O3 Fe2O3 CaO P2O5 TiO2 MgO K2O SO3 MnO Na2O LOI *

Class F FA 47.9 28.0 14.1 3.8 1.8 2.0 0.9 0.6 0.3 0.2 0.4 0.4
Typical OPC 18.1 3.1 4.75 51.9 _ 0.17 1.57 0.3 2.0 _ 0.17 _

Note: LOI* - Loss of ignition at 1000 ºC.

Table 2 
Mix proportion of substrate and mortar overlays.

Repair Composite Mix ID Quantity(kg/m3)

OPC FA SS SH Fine aggregate Coarse aggregate Extra Water

Substrate (OPC concrete) OPC-Sub 474 - - 474 948 201
Mortar Overlay FA geopolymer FAGP− 1 396 171 85 754 1

FAGP− 2 - 406 150 75 748 - 18
FAGP− 3 329 121 61 909 15

OPC OPC 370 - - - 555 - 166
Proprietary geopolymer P-GP 1275(binder + aggregate) 169*

*As per manufacturer’s specifications.

Fig. 1. – (a) Schematic diagram for different surface conditions of a sewer pipe wall, (b) slant shear test setup (α= 45◦), (c) 3-D printed dummy and silicone mould, 
(d) prepared substrates, and (e) a prepared repair composite specimen.
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the saturated substrate condition was achieved by soaking one-half of 
both specimens in water for 48 hours, followed by pat drying for 
2 hours. The remaining substrates were overlayed with repair mortar in 
dry conditions. This study investigated four distinct substrate condi-
tions; Rough-Dry, Rough-Saturated, Smooth-Dry, and Smooth-Saturated 
(Fig. 1(a)). A total of 36 specimens were prepared, with each mix and 
substrate condition being replicated three times.

2.4. Geopolymer overlay preparation

The fresh geopolymer repair mortar was applied to the precast 
concrete substrate inside the cylindrical mould. Following demoulding 
(Fig. 1(e)), it was heat-cured for 24 hours at 80 ◦C before curing for an 
additional 27 days at ambient temperatures (24 ±2 ◦C). The demoulded 
bonded specimens for OPC and P-GP were maintained at 24 ±2 ◦C and 
96 % humidity until the 28-day test date.

2.5. Test procedure and instrumentation

2.5.1. Overlay material characterisation

2.5.1.1. Flowability. The flow of fresh repair mortars was assessed per 
the ASTM 1437 [47] method, which measured the average diameter of 
mortar spread over the concentric circles of the standard flow table and 
computed the resultant increase in the spread as the flow, expressed as a 
percentage of the original base diameter.

2.5.1.2. Compressive strength. Material testing on the substrate and 
repair materials supplemented the bond tests. Compressive testing was 
performed on 50 mm×100 mm cylinders using 100 kN capacity MTS 
Universal Testing equipment at a loading rate of 0.5 kN/s. The ASTM 
C109 [48] the standard was used to assess compressive strength; all tests 
were performed in triplicate, and the average results and standard de-
viations are reported in Fig. 3.

2.5.2. Coating performance
Slant shear testing in accordance with ASTM C882 [45] was used to 

evaluate the bond strength between the repair overlay and the OPC 
concrete substrate. The prepared concrete composites (as described in 
Section 2.2) were subjected to axial compressive loading at a 
0.5 mm/min rate until the failure occurred. σₒ is the vertical stress (in 
MPa), depicted by Eq. (1), imposed at the surface of the repair composite 
to cause a shear failure along the bond plane; A0 is the area of the slanted 
bond plane. σ0 also known as the bond strength by the slant shear. 

σ0 =
F
A0

(1) 

Eqs. 2 and 3 were used to obtain shear and normal stresses at the 
interface for the slant shear test specimens. 

τn =
1
2

σ0sin2α (2) 

σn = σ0sin2α (3) 

The shear and normal stresses acting on the bond plane are repre-
sented as τn and σn respectively (Eqs. 2 and 3), whereas α is the bond 
plane inclination from the vertical, which in this study is equal to 45◦.

Based on the Mohr-Coulomb theory (Eq. 4), 

τn = C+ μσn (4) 

Where, C and μ denote cohesion (pure shear) and surface friction coef-
ficient, respectively.

2.5.3. Acid exposure and strain mapping with DIC
Testing a repaired element in relevant application scenarios is 

critical for evaluating the composite properties. Fig. 2(a) depicts the ring 
deflection diagram for a pipe under a line load, a typical test setup for a 
subterranean sewer pipe. However, assessing the fractures at a given 
load or at the failure load does not suffice; monitoring fracture genesis 
and propagation by measuring field stain is critical to understanding the 
repair impact, which is still poorly understood in assessing in situ pipe 
repair liners.

The use of strain maps in the assessment of restored structural 
components in service scenarios, such as a repaired sewer pipe [17], 
provides significant information about probable future failures caused 
by inadequate bonding regions or anomalies in the repair substance. To 
simulate this, concrete pipe segments (125 mm internal diameter with 
25 mm thickness) were manufactured as shown in Fig. 2, in accordance 
with the ASTM F2551–09 [49] requirements for installing a protective 
liner in sanitary sewers. These concrete pipes were coated with repair 
mortars (8 mm thickness), namely FAGP-1, OPC, and P-GP, at the 
saturated surface dry condition, as illustrated in Fig. 2(b). After 28 days 
of curing, the coated pipe segments were exposed to 0.5 pH sulphuric 
acid for a duration of 1000 hours in a part-full state as displayed in Fig. 2
(c) and (d). The pipe segments were subsequently loaded in accordance 
with the AS/NZS 4058:2007 [50], employing a two-edge bearing test as 
depicted in Fig. 2(e). The load was applied in a direction parallel to the 
vertical centreline of the pipe, along the specimen, at a controlled rate of 
0.2 kN/s. Gravity sewers were the focus of this study, and they are 
designed as part-full, with low internal pressure compared to external 
loads. Assuming equal lateral soil pressures, an underground pipe ex-
periences vertical pressure, exerted mostly above its crown as a function 
of soil cover, infrastructure, and axel loads. This investigation is 
confined to a comparison of different types of mortar. Consequently, this 
research examines the impacts of axial load on the pipe segment, spe-
cifically the generation of bending stresses at the crown, invert, and 
streamlines to permit bending-shear at the bond plane (Fig. 2(a)). This 
study did not evaluate internal and exterior loads caused by soil bedding 
and flow, nor the associated stresses that occur in real-life conditions. To 
evaluate stresses due to acid attack and the subsequent fracture propa-
gation at the bond contact qualitatively, the strain distribution of the 
ring area was photographically recorded and then analysed by the DIC 
method explained by Liu et al. [51]. DIC is an optical approach 
renowned for its robustness and versatility in assessing material prop-
erties such as strain, elasticity and shape deformation achieved by 
meticulous analysis of images [52]. Before the DIC test, the surface area 
along the pipe perimeter was cleaned and sprayed with black paint to 
easily create a speckle pattern, which is ideal for precise displacement 
and strain measurement. The images were captured using a camera at a 
speed of 10 Hz, followed by processing using the GOM correlation 
software tool, where the strain field is calculated using the established 
correlation criterion between the reference and distorted images. The 
full-field strain maps obtained at the specified timings were utilised to 
identify the fracture initiation and delamination of the repair bond; 
details are in Section 4.

Based on Fig. 2(a), slippage of layers and debonding (ℇslip) are 
caused by strain differences between the substrate (ℇs) and the mortar 
(ℇm); this relationship is depicted by Eq. (5). If fully bonded, there is no 
potential for slippage at the bond interface (Eq. 6). 

|ℇslip| = ℇs − ℇm (5) 

|ℇslip| ≅ 0 (6) 

3. Results and discussion

3.1. Flow and compressive strength of repair mortar

Fig. 3 illustrates the flow characteristics and 28-day compressive 
strength of repair mortars and the substrate concrete used in this study. 
According to the flow measurement, the fresh FAGP-2 flow was 
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equivalent to OPC mortar (around 80 % flow), whilst the flow values for 
other FAGP were within the 60–80 % range and were observed as 
satisfactory workability (neither very dry nor self-compacting). A flow 
consistency of 80 %-90 % was optimal for the vertical pouring of the 
mortar liner without fine aggregate segregation. Compared to the P-GP, 
it showed the lowest flow of all, which was 46 %. As can be seen from 
the compressive strength results, conventional concrete sewers have a 
compressive strength of 45–50 MPa. However, this study sought a 
higher strength (>50 MPa) for substrate concrete to distinguish failure 
modes/patterns. The mechanical strength properties of the mortars 
differed as expected, which is reflected in Fig. 3. The compressive 
strength of FAGP-1 was the highest compared to the other geopolymer 
repair mortars, and it was 40 MPa, equivalent to OPC repair mortar. The 
compressive strength of the remaining three geopolymer mortar mixes, 
including the commercial geopolymer, was lower and in the 30–35 MPa 
range. The strength increases in FAGP-1 compared to other types of 
FAGP geopolymer is attributed to the higher activator content in the 
mix. This aided in accelerating the geopolymerisation reaction, resulting 
in higher strength than the other two types.

3.2. Bonding strength between the mortar overlay and OPC concrete 
substrate

The shear bond strength of repair mortars was evaluated under 
various combinations of substrate settings; slant shear test results and 
failure mode details are given in Table 3. A, A-S, O-S, and S are the most 
prevalent failure modes detected and stand for Axial split, Axial split- 
shear combined, Overlay-Shear combined, and Shear only, 

respectively, as shown in Table 3. The minimum bond strength for 
repair, as stipulated by ASTM C882, is the slant shear stress at the point 
of failure [19]. The minimal bond strength has been adopted as the 
actual bond strength for cases where the failure occurred exclusively at 
the bond interface (a shear failure). Although interface roughness and 
specimen geometry influence slant shear strength, distinguishing bond 
characteristics between repair materials prepared and evaluated under 
the same conditions is advantageous [53]. Fig. 4 depicts the minimum 

Fig. 2. – (a) Ring deflection set-up for a pipe under a line load, (b) concrete pipe segments lined with repair binders, (c) experimental set up for aggressive H2SO4 
acid exposure, (d) P-GP mortar-lined pipe after 1000 hrs of acid exposure, and (e) a pipe segment under loading.

Fig. 3. – Results for flow value of fresh repair mortars and 28-day compres-
sive strength.

Table 3 
Slant shear test results for repair mortars at varying substrate conditions.

Specimen 
ID

Substrate 
condition

σₒ 
(MPa)

STD Average 
failure mode

Minimum shear 
bond strength 
(MPa)

FAGP− 1 Rough- Dry 5.86 1.03 Axial split (A) 5.86
Rough- 
Saturated

5.03 0.19 Axial split +
shear (A-S)

5.03

Smooth- 
Dry

5.58 0.77 A 5.58

Smooth- 
Saturated

4.82 0.32 A-S 4.82

FAGP− 2 Rough- Dry 5.70 0.85 A 5.70
Rough- 
Saturated

4.72 0.43 A-S 4.72

Smooth- 
Dry

4.62 0.67 A-S 4.62

Smooth- 
Saturated

4.44 0.10 A 4.44

FAGP− 3 Rough- Dry 4.38 0.29 A 4.38
Rough- 
Saturated

4.30 0.34 A-S 4.30

Smooth- 
Dry

3.44 0.34 A-S 3.44

Smooth- 
Saturated

3.09 0.23 A-S 3.09

OPC Rough- Dry 6.46 0.25 Overlay 
material 
+Shear (O+S)

6.46

Rough- 
Saturated

7.95 0.48 O-S 7.95

Smooth- 
Dry

6.15 0.92 Shear only (S) 6.15

Smooth- 
Saturated

7.57 0.34 S 7.57

P-GP Rough- Dry 5.49 0.77 O-S 5.49
Rough- 
Saturated

6.15 0.67 O-S 6.19

Smooth- 
Dry

4.89 0.40 S 4.89

Smooth- 
Saturated

6.54 1.07 S 6.54
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bond strength of each mortar at various substate conditions. Mortar 
bond strength results and the corresponding failures are discussed in 
detail below.

3.2.1. Rough - dry
As depicted in Table 3, composites with geopolymer overlay showed 

monolithic failure for all geopolymer repair mixes and reached an 
average slant shear bond strength of 5.86 MPa, 5.7 MPa and 4.38 MPa 
for FAGP-1, FAGP-2, and FAGP-3, respectively. The cracks propagated 
led to vertical splits in each geopolymer repair, indicating a strongly 
bonded interface with increased roughness levels in the substrate. This 
can be attributed to interfacial tortuosity, which affects the effective 
contact area of the substrate-repair mortar, which benefits the inter-
locking actions at the interfacial transition zone [35]. The flowability of 
the fresh geopolymer repair mortars likely facilitated this process by 
enabling effective permeation into cavities within the substrate profile, 
consequently reducing the occurrence of unbonded pockets [25]. 
However, the findings of this slant-shear test for geopolymer repair 
failed to accurately assess the actual bond strength due to the occurrence 
of a different failure mode than the anticipated bond failure. Instead, 
they produced lower bound estimations of the geopolymer-OPC sub-
strate bond strength. This minimum shear bond strength of the geo-
polymer repairs was proportional to the repair material strength. The 
failure pattern of OPC was shown to be distinct from that of geopolymer 
binders, with the majority of OPC composites with Rough-Dry substrates 
exhibiting a combination of overlay material and shear failure; the 
average minimum bond strength for OPC repairs was 6.46 MPa. The 
cracks formed were confined to the repair overlay, indicating a stronger 
substrate. P-GP repairs on Rough-Dry substrates demonstrated a failure 
pattern similar to OPC, with equivalent minimum bond strength with 
FAGP-1 and FAGP-2. Cracks manifested along the bond plane within the 
overlay, culminating in material failure and bond separation. Larger 
aggregate particles and reduced flowability may cause fresh P-GP 
mortar limit entering coarsened substrate cavities, lowering the bonded 
area, and weakening the bond.

3.2.2. Rough- saturated
The rough-saturated substrate condition used in this investigation 

resembles the crown section of the sewer pipe wall (Fig. 1), which has 
the highest biogenic acid corrosion; because water vapour and gaseous 

H2S condense in the crown area, it is typically moist and degraded. 
Under saturated conditions, OPC repair demonstrated enhanced slant 
shear bond strength of 23 % compared to repairs at Rough-Dry substrate 
conditions. This behaviour is well documented and attributed to the 
completion of OPC overlay cement hydration in excess substrate mois-
ture, resulting in improved performance and bond strength. Studies by 
AlHallaq et al. [39] proved that the moisture degree of the substrate has 
an impact on the bond strength of concrete and it is more significant in 
High Strength Concrete (HSC) than Normal Strength Concrete (NSC). 
This was opposed by Bentz et al. [31]. They discovered that dry sub-
strates induce significant microstructural changes at the OPC repair 
mortar-substrate interface, drawing moisture from the fresh repair 
mortar and densifying the overlay adjacent to the bond plane, resulting 
in higher shear strength. However, when assessing the efficacy of geo-
polymer repair on similar surface conditions, it was discovered that the 
slant shear stress at the composite failure was detrimental compared to 
the Dry-Rough condition. According to Ahmad Zailani et al. [54], this is 
owing to the new cross-link bonds formed between the OPC substrate 
and the fresh FA-based geopolymer during the production of C-A-S-H gel 
by integrating free Ca+2 cations from the OPC substrate’s surface, where 
excess moisture negatively affects the process. The failure patterns 
observed in the geopolymer repairs confirmed this scenario, as all three 
geopolymer mortars displayed similar combined axial split and shear 
failure behaviour. The geopolymer mortar with the highest alkaline 
activator-to-FA binder ratio (FAGP-1) demonstrated the highest slant 
shear strength regardless of the substrate wetting condition; this clearly 
explains the formation of strong bonds at the Interfacial Transition Zone 
(ITZ) in the medium of an abundance of Na+ ions with reduced free 
water. However, identifying the novel geopolymeric phases formed at 
the bond interface and linking them with bond strength data necessitates 
additional microstructural evolution research. Moreover, P-GP repairs 
showed potential to improve bond strength on a saturated substrate, but 
the gain was negligible compared to OPC repairs. Cracks were observed 
in all three P-GP repair replicates that developed in the overlay and 
migrated to the bond plane, creating localised strains at the ITZ before 
failure. The failure mode for OPC was similar to P-GP and involved 
overlay and shear failure.

3.2.3. Smooth- dry
Table 3 depicts the slant-shear test results for FAGPs, OPC, and P-GP 

Fig. 4. – Comparison of minimum shear bond strength between repair mortars at substrates with different surface roughness and moisture levels.
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mortar overlays on Smooth-Dry concrete surfaces. Since the substrate is 
a smooth surface, the repair bond is predominantly governed by its 
adhesive component [36]. Interfacial bond failure was seen in all three 
replicates of OPC repairs (Table 4), with an average shear bond strength 
of 6.15 MPa. P-GP repairs, like OPC, displayed complete shear failure at 
the bond plane with a shear bond strength of 4.89 MPa, which is 20 % 
lower than the shear bond strength of OPC at Smooth-Dry substrate 
condition. In contrast, FAGP repairs, as shown in Table 4, experienced 
axial split failure at the overlay-substrate plane; hence, the resulting 
slant shear strength values cannot accurately represent the shear bond 
strength, rendering any s with other repair mortars unreliable. The re-
ported minimum bond strength for geopolymers was slightly reduced 
compared to the rough substrate in a dry state. However, the FAGP-1 
mix (σₒ = 5.58 MPa) appears to be higher than the P-GP bond 
strength and only 9 % lower than the OPC counterpart, confirming a 
high interfacial bond strength between geopolymer and OPC concrete. 
The particle size distribution of the aggregate in use and the binder 
material characteristics, size, and amount of fibre contained in the GP-P 
repair overlay may significantly influence its bond strength; however, 
these factors were not included in the shear bond strength comparison.

3.2.4. Smooth- saturated
OPC and P-GP repairs have shown increased shear bond strength at 

saturated substrate conditions over the dry condition, and the values 
were 7.57 MPa and 6.54 MPa, respectively. It is obvious that the prop-
erties of cementitious repair bonds are enhanced with the presence of 
moisture, as also found in Daneshvar et al. [40]. Geopolymer bonds 
appeared to be impaired on Smooth-Saturated concrete substrate, as 
seen in Rough-Saturated circumstances, indicating that an insufficient 
amount of Ca+2 in the binder systems impedes the completion of 
C-A-S-H gel formation. When overlayed over a Smooth-Saturated con-
crete substrate, all FAGP mortar mixes had the lowest result for mini-
mum shear bond strength. Since the failure pattern of these specimens 
was classified as A-S, the slant shear stress at the failure was considered 
as the minimum shear bond strength, which was 4.82 MPa, 4.44 MPa, 
and 3.09 MPa for FAGP-1, FAGP-2, and FAGP-3, respectively (Table 3).

3.2.5. Repair composites with reduced bond area
A reduced bond area was introduced on the same bond plane to 

promote shear bond failure and the resultant slant shear test values are 
tabulated in Table 5. The modified bond plane was defined as an ellip-
tical shape, with its length and width being half the dimensions of the 
original elliptical bond plane, depicted in Fig. 5(a). Before applying the 
repair mortar, the remaining surface of the substrate was covered with a 
heavy-duty waterproof sticker paper to isolate the area to be bonded. 
Fig. 5(b), (c), (d), and (e) depict the shear failures of representative 

Table 4 
Failure patterns of slant shear test composites.

Repair 
Binder

Substrate Condition

Rough-Dry Rough-Saturated Smooth- Dry Smooth-
Saturated

FAGP-
1

A- Failure A+S Failure A- Failure A- Failure

OPC

O+S Failure O+S Failure S- Failure S- Failure

P-GP

O+S Failure O+S Failure S- Failure S- Failure
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FAGP specimens manufactured at Rough-Dry, Rough-Saturated, 
Smooth-Dry, and Smooth-Saturated conditions. For comparison, geo-
polymer mortars with the highest predictive bond strength, i.e. FAGP-1 
mortar against OPC, were used and it clearly shows that the shear bond 
strength of FAGP − 1 mortar outperformed OPC, repaired at all possible 
substrate conditions at a sewer pipe wall confirming its viability as a 
repair mortar for sewer rehabilitation. The maximum slant shear bond 
strength reported for FAGP-1 was 14.84 MPa at Rough-Dry substrate 
conditions, comparable to the bond strength of Ultra high-performance 
concrete (UHPC) tested by Al-Madani et al. [55]. Shear was the pre-
dominant failure mechanism observed in Rough-Dry specimens. Sub-
strate cracking, conversely, indicates that the actual bond strength may 
be higher than the measured value, demonstrating a strong bond be-
tween the FAGP and the Rough-Dry concrete interface (Fig. 5(b)). 
FAGP-1 mortar on Rough-Saturated (Fig. 5(c)) and Smooth-Dry [Fig. 5
(d)] substrates exhibited shear failure-induced scouring. In contrast, an 
overlay residue was seen on the Smooth-Saturated substrate (Figure (e)), 
indicating a weaker bond interface than under previous conditions. The 
lowest reported FAGP-1 bond strength was 13.29 MPa and is if repaired 
at Smooth-Saturated surface (area below the water level). This is similar 
to the values reported by Zailani et al. [56] for FA geopolymer paste on 
concrete substrate. Fig. 6 compares the slant shear bond strength results 
from this study (represented by a triangle) with previously published 
data. According to Fig. 6. Low calcium FA-based geopolymer (FAGP-1) is 
comparable to high calcium geopolymers and outperforms OPC-based 
repair overlays. However, assessing the FAGP repair performance in 
service scenarios is crucial in evaluating the repair performance, which 
is discussed in Section 3.3.

(1) P-GP – Current Study
(2) Geopolymer with Class F FA [25]
(3) OPC – Current Study
(4) FAGP-1 Current Study
(5) OPC [57]
(6) Geopolymer (High Ca FA + OPC + 10 M NaOH) [57]
(7) Geopolymer (High Ca FA + OPC + 14 M NaOH) [57]
(8) Geopolymer paste (FA+GBFS) [16]

(9) Geopolymer (Class F FA) [16]
(10) Geopolymer [19,25]
(11) OPC [54,58], Geopolymer [54]
(12) Geopolymer (Metakaolin) [17]

3.2.6. Results of statistical analysis
A comprehensive One-way Analysis of Variance (ANOVA) test was 

performed using IBM SPSS Statistics software to determine where there 
is a statistically significant difference in FAGP-1 bond strength between 
the different substrate conditions. Following that, a pairwise comparison 
for FAGP-1 mortar bond strength was conducted using a post-hoc Tukey 
HSD test, with the findings shown in Table 6.

The results revealed a significant statistical difference in binding 
strength when FAGP mortar is overlayed on a Rough-Dry substrate 
condition as opposed to a Smooth-Saturated substrate condition. When 
overlayed on identical surface roughness conditions, the moisture level 
(used in the current study) at the substrate appeared to be irrelevant to 
the geopolymer-concrete shear bond strength. This might be attributed 
to the heat-curing process, which reduces the excess moisture that could 
hinder geopolymerisation. Another potential factor discussed by Zhu 
et al. [9] in their review, involves a moderate interface bond that pro-
motes the splitting of microcracks from the stiff repair material into the 
composite interface, consequently minimising shear forces generated by 
compression. According to Shen et al. [59], the greater the substrate’s 
interfacial roughness, the less influence hydrophilicity has on bonding 
strength. A correlation between microstructural and phase change 
analysis for bond evolution must be established to prove this, which is 
outside the scope of this work. However, the synergistic effect of the 
surface roughness and the saturation level does seem to influence the 
geopolymer-concrete bond strength. Therefore, as part of the substrate 
preparation for geopolymer mortar lining, a thorough cleaning of the 
sewer pipe, particularly the smooth surface under the waterline is pro-
posed, not only to remove the slimy layers but also to increase the 

Table 5 
Shear bond strength results for FAGP-1 and OPC mortars at a reduced area of 
bond surface.

Specimen 
ID

Substrate 
condition

σₒ 
(MPa)

STD Failure 
mode

Shear bond 
strength (MPa)

FAGP− 1 Rough- Dry 14.84 0.23 S 14.84
Rough- 
Saturated

13.52 0.61 S 13.52

Smooth- Dry 14.04 0.48 S 14.04
Smooth- 
Saturated

13.29 0.35 S 13.29

OPC Rough- Dry 8.20 1.1 S 8.20
Rough- 
Saturated

10.0 0.35 S 10.0

Fig. 5. – Shear failure seen in representative FAGP-1 specimens with (a) reduced bond contact area; substrates at (b) Rough- Dry, (c) Rough-Saturated, (d) Smooth- 
Dry, and (e) Smooth-Saturated.

Fig. 6. – Comparison of slant shear bond strength results between published 
data and the current study.
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roughness. It is also important to prevent active infiltration during the 
geopolymer repair mortar application and curing time. This improves 
the adherence of the substrate and coating material, which influences 
the durability of the restored pipe [9].

4. Strain mapping and fracture analysis of acid-deteriorated 
composite specimens using DIC method

Fig. 7 shows the load- deflection-time curves alongside failure pat-
terns of the repair mortar-coated composite specimens. The failure loads 
for FAGP-1, OPC and P-GP specimens were 9.22 kN, 7.63 kN and 
9.97 kN at the deflection of 1.04 mm, 1.74 mm, and 2.38 mm, respec-
tively. All specimens developed obvious fractures in the tension areas of 
the vertical plane (below the neutral axis) and transverse plane (above 
the neutral axis), typical of an unreinforced concrete pipe under a two- 
edge bearing load. However, as seen in Fig. 7(b) and (c), the cracks in 
both OPC and P-GP have propagated along the bond interface, indi-
cating a sign of debonding of the repair layer from the concrete sub-
strate. This can be due to either poor bonding or shrinkage-induced 
stresses, which caused the bond failure at the ITZ. However, no evalu-
ations were made to assess the inherent shrinkage properties of the 
materials in this study. It is advantageous to analyse the stresses at the 
bond interface to correlate the failure load with deflection and fracture 
behaviour. In response, full-field strain distribution maps were 
employed to establish the highly stressed areas at the bonding zone; 
maps were acquired at various stages, from crack initiation to failure, 
using the DIC technique. Visual representations of individual segments 
of mortar-coated concrete pipes following the acid treatment are 
depicted in Fig. 7. The strain maps were also anticipated to demonstrate 
the impact of acid degradation on the bonded region.

Fig. 8 to 10 show the full-field strain distribution maps of FAGP-1, 
OPC, and P-GP at different stages during the test. In the x and y di-
rections, strain is designated by ℇX and ℇY, respectively. These strains 
represent the axial and circumferential strains, respectively. Subscripts 
S1, S2, S3 and S4 are appended to differentiate the corresponding stages 
from start to failure (shown in Fig. 7). The S1 stage, which is common to 
all types of mortar, consists of strain maps collected five seconds after 
the test begins and used as a reference point for comparing the strain 
developed during subsequent stages. The initial occurrence of crack 
formation is denoted as S2, while S3 represents the point at which 
failure occurs in the coating material or the onset of debonding between 
the repair and the substrate. S4, on the other hand, corresponds to the 
time of specimen failure. Fig. 8(S1) depicts the full-field strain maps of 
FAGP-1 in the x and y directions, captured five seconds after the test 
commenced (S1). It is evident that at S1, the ℇx within the full-field is 

considerably low (< 0.2 % in both tension and compression) and was 
mostly evenly distributed, with the exception of a few patches of strains, 
S1-ℇx ranging from 0.4 % to 0.66 %. The corresponding ℇ in the y-di-
rection showed scattered strain patches at the top and bottom sides of 
the ring surface along the axial loading plane at a value of S1-ℇY= 0.3 %. 
In Fig. 8(S2), an initiation of cracks can be seen on the repair coating at 
both crown and base areas at the load of 7.43 kN and 0.91 mm deflec-
tion. At S2, the maximum strain reported in the x and y directions was 
1.57 % and 0.76 %, respectively. As seen in Fig. 8(S3), increasing the 
load leads to increased ℇx (up to 1.83 %), causing vertical crack prop-
agation. A transverse crack in the concrete substrate was observed in S3, 
five seconds before failure. Despite the presence of dispersed patches of 
compressive strain around the bond zone, no evidence of debonding was 
observed at the ITZ. In Fig. 8(S4), the strain maps at the point of failure 
are depicted.

It is observed that there are no discernible strain variations or micro- 
cracks along the bond line, except for the prominent splits in the tension 
regions of the repair composite surface. This observation corroborates 
with the slant shear test results that the bond strength between geo-
polymer, and concrete is substantial despite a Smooth-Saturated sub-
strate condition. The influence of acid exposure on the coating material 
or the bond zone is also not apparent in the FAGP strain maps, con-
firming FAGP’s acid resistivity and lower permeability in transporting 
chemical compounds into the repair layer and beyond.

Fig. 9(S1) to (S4) show full-field strain maps of an OPC-based repair 
composite. Surface strain measurements obtained for OPC-coated con-
crete pipe shortly after the test began revealed similar behaviour to 
FAGP. However, the crack initiation (at S2) in OPC occurred at a lower 
load of 2.15 kN and earlier compared to FAGP, as seen in Fig. 9(S2), the 
cracks are localised in the bond zone with a maximum of 0.68 % strain in 
the x direction. Furthermore, an area of S2-ℇX between 0.30 % and 
0.45 % along the bond line indicated increased regional stress. The 
strain in the y direction was mostly oxalating between − 0.4 % and 
0.4 %. Full-field strain maps acquired 10 seconds before the failure 
(Fig. 9(S3)) verified the presence of transverse splits and delamination in 
the crown area at the bond line. The x-direction strain in the remaining 
region along the bond line increased to 28.9 %, suggesting the repair 
mortar layer may detach from the concrete pipe, which scenario was not 
encountered in the FAGP composite. The S3-ℇY data indicates that the 
surface is mostly strain neutral, with increased positive strain at the 
bond zone. Although obvious to the naked eye [as seen in Fig. 7(b)], 
there was inadequate strain-based qualitative evidence to explain the 
impact of acid-induced corrosion on the OPC repair liner and bond zone. 
Despite OPC’s susceptibility to H2SO4 acid attacks, the relatively low 
permeability of OPC may have prevented acid from reaching its deeper 

Table 6 
Results of post-hoc Tukey HSD analysis.

Multiple Comparisons

Dependent variable: Slant shear bond strength (MPa)

Tukey HSD

(I)Substrate condition (J) Substrate condition Mean Difference (I-J) Std. Error Sig. 95 % Confidence Interval

Lower Bound Upper Bound

Rough-Dry Rough-Saturated 1.32000 0.44000 0.067 − 0.0890 2.7290
Smooth-Dry 0.80000 0.44000 0.332 − 0.6090 2.2090
Smooth-Saturated 1.55333* 0.44000 0.032 0.1443 2.9624

Rough-Saturated Rough-Dry − 1.32000 0.44000 0.067 − 2.7290 0.0890
Smooth-Dry − 0.52000 0.44000 0.654 − 1.9290 0.8890
Smooth-Saturated 0.23333 0.44000 0.949 − 1.1757 1.6424

Smooth-Dry Rough-Dry − 0.80000 0.44000 0.332 − 2.2090 0.6090
Rough-Saturated 0.52000 0.44000 0.654 − 0.8890 1.9290
Smooth-Saturated 0.75333 0.44000 0.378 − 0.6557 2.1624

Smooth-Saturated Rough-Dry − 1.55333* 0.44000 0.032 − 2.9624 − 0.1443
Rough-Saturated − 0.23333 0.44000 0.949 − 1.6424 1.1757
Smooth-Dry − 0.75333 0.44000 0.378 − 2.1624 0.6557

*The mean difference is significant at the 0.05 level.
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layers. More research on the evolution of phase shifts and corrosion 
products versus acid intrusion depth is proposed to support this hy-
pothesis. Fig. 9(S4) illustrates the strain at failure, it is lower than stage 
S3 in both directions due to continuation of splitting and delamination.

P-GP-coated concrete pipe full-field strain distribution maps are 
shown in Fig. 10. Like FAGP and OPC, this study considers phases S1 to 
S4. S1 records the x and y strain maps as the reference 5 seconds after the 
test began. Both x and y were strain-neutral at S1. S2, the crack initi-
alisation stage, began 30 seconds after the test began, later than OPC but 
earlier than FAGP’s first crack. Compared to OPC, the strain levels of the 
P-GP repaired surface at the crack initiation stage were lower and 
− 1.5–2.77 % and − 3–2.6 % in the x and y directions, respectively. 
However, strain along the bond plane was apparent and ranged from 
ℇx= 0.25 %-0.5 %. At stage S3, the debonding of the overlay was 
detected, and it was after 8 seconds from S2. The delamination initiated 
at the bond plane at the pipe’s bottom and propagated towards the 

crown area. This can be attributed to acid permeation into the bond 
plane producing bond failure before repair material failure. Notably, 
this failure pattern differed from the similar stage S3 failure pattern 
observed for OPC. The recorded load value for P-GP at S3 was 6.78 kN, 
twice as high as the stated load value for OPC. Fig. 10 (S4) shows the 
full-field strain maps of a P-GP lined pipe at failure (at 9.97 kN), where 
ℇx and ℇy were comparable to OPC at the time of failure.

5. Conclusion

Low calcium fly ash-based geopolymer mortars were investigated for 
bond strength on concrete substrates with varying roughness and 
moisture conditions. They were compared to standard OPC and P-GP 
mortar to evaluate the suitability of this new repair material for appli-
cation in sewer rehabilitation projects. In addition, a qualitative study of 
the geopolymer mortar bond performance was carried out on a 

Fig. 7. – Load- deflection-time curves alongside with failure patterns of the repair mortar-coated composite specimens; (a) FAGP-1, (b) OPC, and (c) P-GP.
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Fig. 8. – Full-field strain distribution maps of FAGP-1, at different stages during the test.
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Fig. 9. – Full-field strain distribution maps of OPC, at different stages during the test.
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Fig. 10. – Full-field strain distribution maps of P-GP, at different stages during the test.
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prototype of a mortar-lined concrete segment exposed to acid corrosion 
using full-field strain mapping. The following conclusions can be drawn 
from the results of this study:

• The FAGP mortar has a very good adhesion to the OPC substrate. 
Regardless of substrate condition, the failure mode of FAGP mortars 
from the slant shear test was either axial split or axial split-shear 
combined; the minimum shear bond strength for FAGP mortars 
was in the range of 3 MPa to 6 MPa, corresponding to a bond plane 
with a 45-degree inclination from vertical.

• The shear bond strength of FAGP is higher than that of OPC and 
commercially available geopolymer repair systems. Under dry sub-
strate circumstances, the shear bond strength of FAGP reached 
14 MPa, surpassing that of OPC and P-GP by 1.5 times.

• Rough surface profiles appeared to favour all mortar types between 
substrate conditions; however, P-GP mortar was unable to effectively 
penetrate the cavities of the roughened surface due to the diminished 
flow qualities of the fresh mortar.

• The OPC and P-GP bond characteristics were improved in the pres-
ence of moisture. Multiples in statistical analysis indicated that when 
overlayed on identical surface roughness conditions, the moisture 
level at the substrate (used in the current investigation) appeared to 
be irrelevant to the geopolymer-concrete shear bond strength. The 
synergistic effect of the Smooth-Saturated condition, on the other 
hand, appears to have a negative impact on the shear bond perfor-
mance of the FAGP-based repair mortars.

• Despite being bonded on a smooth-saturated substrate, FAGP mortar- 
coated pipe segments demonstrated a consistent strain distribution 
(maximum of 0.6 %) across the surface area in the X and Y axes, up to 
80 % of the ultimate load. Conversely, the surface strain began to 
differ at the bond line in both OPC and P-GP, resulting in the initi-
ation of fractures at the bond line at an early stage, corresponding to 
15–20 % of the ultimate load.

• The FAGP strain maps demonstrate no direct influence from acid 
exposure after 1000 hours on the repair coating. Although the 
visually seen damage to the OPC coating was obvious, the strain 
maps provided no clear evidence of the direct influence of acid 
exposure on the OPC repair bond. Despite this, a bond detachment 
was seen in the P-GP strain maps, appearing at the bond interface 
within the acid-exposed region, implying that acid permeation may 
have contributed to the debonding.

The current investigation of the adhesion characteristics of FA-based 
geopolymer mortars focused on the mechanical evaluation of the bond 
performance using a slant shear 35bond strength test. Future studies that 
investigate phase change and microscopy analysis at the bond interface 
will assist in understanding the bond performance under different sub-
strate circumstances in detail. In bond durability experiments, exposure 
longer than 1000 hrs is recommended to simulate actual sewer condi-
tions and generate a noticeable effect. Nevertheless, the results of this 
study demonstrated that FAGP mortar is suitable for sewer rehabilita-
tion as it has very good adhesion to OPC substrate regardless of substrate 
condition.
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[32] H. Beushausen, B. Höhlig, M. Talotti, The influence of substrate moisture 
preparation on bond strength of concrete overlays and the microstructure of the 
OTZ, Cem. Concr. Res. 92 (2017) 84–91.

[33] C. Grengg, N. Ukrainczyk, G. Koraimann, B. Mueller, M. Dietzel, F. Mittermayr, 
Long-term in situ performance of geopolymer, calcium aluminate and Portland 
cement-based materials exposed to microbially induced acid corrosion, Cem. 
Concr. Res. 131 (2020) 106034.

[34] H. Khan, M. Yasir, A. Castel, Performance of cementitious and alkali-activated 
mortars exposed to laboratory simulated microbially induced corrosion test, Cem. 
Concr. Compos. 128 (2022) 104445.

[35] C. Zanotti, N. Randl, Are concrete-concrete bond tests comparable? Cem. Concr. 
Compos. 99 (2019) 80–88.

[36] S. Austin, P. Robins, Y. Pan, Shear bond testing of concrete repairs, Cem. Concr. 
Res. 29 (7) (1999) 1067–1076.

[37] L. Courard, T. Piotrowski, A. Garbacz, Near-to-surface properties affecting bond 
strength in concrete repair, Cem. Concr. Compos. 46 (2014) 73–80.

[38] Purwanto, J.J. Ekaputri, Nuroji, B.R. Indriyantho, A. Han, B.S. Gan, Shear-bond 
behavior of self-compacting geopolymer concrete to conventional concrete. Constr. 
Build. Mater. 321 (2022) 126167.

[39] A. AlHallaq, B. Tayeh, S. Shihada, Investigation of the bond strength between 
existing concrete substrate and UHPC as a repair material, Int. J. Eng. Adv. 
Technol. IJEAT 6 (2017) 210–217.

[40] D. Daneshvar, A. Behnood, A. Robisson, Interfacial bond in concrete-to-concrete 
composites: a review, Constr. Build. Mater. 359 (2022) 129195.

[41] W. Zailani, M. Abdullah, R. Razak, M. Zainol, M. Tahir. Bond strength mechanism 
of fly ash based geopolymer mortars: a review, in: IOP Conference Series: Materials 
Science and Engineering. 2017. IOP Publishing.

[42] P. Ganesh, A.R. Murthy, Simulation of surface preparations to predict the bond 
behaviour between normal strength concrete and ultra-high performance concrete, 
Constr. Build. Mater. 250 (2020) 118871.

[43] W. Lokuge, A. Wilson, C. Gunasekara, D.W. Law, S. Setunge, Design of fly ash 
geopolymer concrete mix proportions using Multivariate Adaptive Regression 
Spline model, Constr. Build. Mater. 166 (2018) 472–481.

[44] C. Chen, W. Gong, W. Lutze, I.L. Pegg, Kinetics of fly ash geopolymerization, 
J. Mater. Sci. 46 (9) (2011) 3073–3083.

[45] ASTM International, ASTM C 882/C 882M-05 Standard Test Method for Bond 
Strength of Epoxy-Resin Systems Used With Concrete By Slant Shear 2005, S&P 
Global. p. 4.

[46] S. Wei, Z. Jiang, H. Liu, D. Zhou, M. Sanchez-Silva, Microbiologically induced 
deterioration of concrete: a review, Braz. J. Microbiol. 44 (4) (2013) 1001–1007.

[47] ASTM International, ASTMC1437 Standard Test Method for Flow of Hydraulic 
Cement Mortar. 2015, S&P Global. p. 2.

[48] ASTM International, ASTMC109 Standard Test Method for Compressive Strength of 
Hydraulic Cement Mortars (Using 2-in. or 50-mm cube specimens). 1983, S&P 
Global. p. 8.

[49] ASTM International, ASTM F2551:2009:R2023 Standard practice for installing a 
protective cementitious liner system in sanitary sewer manholes, Am. Soc. Test. 
Mater. (2023) 4.

[50] Standards Australia, AS/NZS 4058:2007 Precast Concrete Pipes (Pressure and non 
pressure). 2007, Standards Australia.

[51] B. Liu, F. Yue, B. Chen, X. Man, L. Chen, S. Jaisee, Study on bond performance, 
flexural and crack extension behavior of base concrete prisms strengthen with 
strain-hardening cementitious composites (SHCC) using DIC technology, Constr. 
Build. Mater. 251 (2020) 119035.

[52] R. Yang, Y. Li, D. Zeng, P. Guo, D.I.C. Deep, Deep learning-based digital image 
correlation for end-to-end displacement and strain measurement, J. Mater. Process. 
Technol. 302 (2022) 117474.

[53] H. Zhu, K. Yu, V.C. Li, Sprayable engineered cementitious composites (ECC) using 
calcined clay limestone cement (LC3) and PP fiber, Cem. Concr. Compos. 115 
(2021) 103868.

[54] W.W. Ahmad Zailani, A. Bouaissi, M.M.A.B. Abdullah, R. Abd Razak, S. Yoriya, M. 
A.A. Mohd Salleh, M.R. Rozainy, M.A.Z., H. Fansuri, Bonding Strength 
Characteristics of FA-Based Geopolymer Paste as a Repair Material When Applied 
on OPC Substrate, Appl. Sci. 10 (9) (2020) 3321.

[55] M.K. Al-Madani, M.A. Al-Osta, S. Ahmad, H.R. Khalid, M. Al-Huri, Interfacial bond 
behavior between ultra high performance concrete and normal concrete substrates, 
Constr. Build. Mater. 320 (2022) 126229.

[56] W.W.A. Zailani, M.M.A.B. Abdullah, M.R.R.M.A. Zainol, R.A. Razak, M.F.M. Tahir, 
Compressive and bonding strength of fly ash based geopolymer mortar, AIP Conf. 
Proc. 1887 (1) (2017) 020058.

[57] T. Phoo-ngernkham, V. Sata, S. Hanjitsuwan, C. Ridtirud, S. Hatanaka, 
P. Chindaprasirt, High calcium fly ash geopolymer mortar containing Portland 
cement for use as repair material, Constr. Build. Mater. 98 (2015) 482–488.

[58] A.M. Diab, M. Abd Elmoaty, M.R.T. Eldin, Slant shear bond strength between self 
compacting concrete and old concrete, Constr. Build. Mater. 130 (2017) 73–82.

[59] Y. Shen, Y. Wang, Y. Yang, Q. Sun, T. Luo, H. Zhang, Influence of surface roughness 
and hydrophilicity on bonding strength of concrete-rock interface, Constr. Build. 
Mater. 213 (2019) 156–166.

P.W. Ariyadasa et al.                                                                                                                                                                                                                          

http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref19
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref19
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref19
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref20
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref20
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref20
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref21
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref21
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref21
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref22
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref22
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref22
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref22
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref23
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref23
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref23
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref24
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref24
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref25
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref25
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref25
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref26
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref26
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref26
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref27
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref27
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref27
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref28
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref28
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref28
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref28
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref29
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref29
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref29
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref30
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref30
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref31
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref31
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref31
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref31
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref32
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref32
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref32
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref33
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref33
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref33
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref33
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref34
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref34
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref34
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref35
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref35
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref36
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref36
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref37
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref37
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref38
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref38
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref38
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref39
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref39
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref39
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref40
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref40
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref41
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref41
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref41
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref42
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref42
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref42
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref43
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref43
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref44
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref44
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref45
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref45
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref45
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref46
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref46
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref46
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref46
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref47
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref47
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref47
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref48
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref48
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref48
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref49
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref49
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref49
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref49
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref50
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref50
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref50
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref51
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref51
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref51
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref52
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref52
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref52
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref53
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref53
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref54
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref54
http://refhub.elsevier.com/S0950-0618(24)03069-1/sbref54

	Bond performance of fly ash-based geopolymer mortar in simulated concrete sewer substrate
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 OPC concrete substrate preparation
	2.3 Simulation of substrate conditions
	2.4 Geopolymer overlay preparation
	2.5 Test procedure and instrumentation
	2.5.1 Overlay material characterisation
	2.5.1.1 Flowability
	2.5.1.2 Compressive strength

	2.5.2 Coating performance
	2.5.3 Acid exposure and strain mapping with DIC


	3 Results and discussion
	3.1 Flow and compressive strength of repair mortar
	3.2 Bonding strength between the mortar overlay and OPC concrete substrate
	3.2.1 Rough - dry
	3.2.2 Rough- saturated
	3.2.3 Smooth- dry
	3.2.4 Smooth- saturated
	3.2.5 Repair composites with reduced bond area
	3.2.6 Results of statistical analysis


	4 Strain mapping and fracture analysis of acid-deteriorated composite specimens using DIC method
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgement
	References


