Understanding the new-to-old interfacial bonding mechanism of geopolymer for concrete repair: Insight into effects of surface moisture of substrate
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Abstract
Geopolymer, a waste-based material with excellent thermal, mechanical, or chemical properties and low embodied carbon, can serve as an effective repair material for structural rehabilitation. In this work, three kinds of cementitious substrates with varying surface moisture conditions were prepared before applying fresh geopolymer repair material, i.e., dry (C-D), ambient (C-A) and saturated (C-S). Interfacial flexural-tensile strength, direct tensile strength and slant shear strength were tested to evaluate the interfacial bonding strength of the geopolymer-cement composites, and the bonding mechanism was revealed through X-ray Diffraction (XRD) and Back Scattered Electron (BSE)-Energy Dispersive Spectrometer (EDS) methods. Interfacial bonding strength results indicate that having a dry substrate surface is disadvantageous for relatively long-term bonding performance. The interfacial product was found to be geopolymer gel from XRD and EDS analysis, with the Ca content of the interfacial products increasing with a rise in surface moisture. The “Overlay transition zone (OTZ)” was defined based on the wall effect of unreacted particles packing of repairing material, and its thickness was found to be ca. 30 µm. The OTZ thickness of samples with an initially dry concrete surface was greater than that with ambient moisture and water-saturated samples, and there were more unreacted particles within its OTZ. Finally, the complex effects of varying surface moisture were explained by the integrated analysis of interfacial products and microstructures.
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1.Introduction
[bookmark: OLE_LINK9]As concrete remains the predominant construction material globally, the demand for repairing and rehabilitating existing concrete structures is growing, particularly as built infrastructure ages [1]. In the USA alone, over 60,000 bridges are structurally deficient, while in China, the number exceeds 80,000 [2]. Moreover, in China, the numbers of new buildings and urban pavement infrastructure are still rapidly increasing, meaning the need for rehabilitation will even further grow. At present, the most used construction and repairing material is Portland cement-based cementitious material. However, approximately 7% of global carbon dioxide (CO2) emissions are attributed to the cement production industry, with each ton of cement manufacturing generating approximately 650-920 kg of CO2 [3,4]. Therefore, to support net-zero strategies, there is an urgent need to develop alternative cost-effective, eco-friendly and efficient concrete repair materials. Geopolymer is a low-embodied carbon “green” cementitious material, which can be produced by alkali-activation of an aluminosilicate raw material, enabling significantly reduced CO2 emissions [5]. Geopolymer materials have been shown to exhibit high bonding strength [6], high early strength [7], and excellent durability [8,9], and are promising materials for concrete repair [10,11]. 
An important issue for the effective application of materials for concrete repair is to understand the nature of the new-to-old interface between the repair material and concrete substrate. For repaired structures, due to the different properties of the repair material and the substrate, especially under varying stress and strain conditions, the new-to-old interface is usually regarded as the weakest link [12]. The transition zone between the substrate and repairing material is defined as the “Overlay Transition Zone (OTZ)”, and is generally believed to be similar to the transition zone between aggregate and cement paste in cementitious materials [13]. For example, Beushausen et al. [14] defined the OTZ based on changes in paste content and aggregate content in overlay, similar to the wall effect between cement pastes and aggregates, and found that the thickness of the OTZ was approximately 100 μm. 
Surface treatment is a key factor, alongside the physical and chemical/ mineralogical properties of repair materials and curing conditions, that affect bonding strength between the old substrate and the new repair material [15–17]. It is widely accepted that higher surface roughness generally enhances bond strength [18–20]. A roughened surface can increase the specific surface area of the old concrete substrate, enhance mechanical interlocking between the old and new surfaces, and improve the bond strength or adhesion between the materials [21]. However, generation of excessive roughness may weaken the surface zone; therefore, there should be an optimal limit for surface roughness [22]. In addition to surface roughness, the surface moisture of the substrate can play a potentially important role in interfacial bonding, as water transfer from the repair material to the substrate depends on the moisture condition of the interface, influenced by the moisture imbalance between the two layers [23]. The control of surface moisture on interfacial bonding is not well-constrained however, and there is still controversy over whether improved bonding performance is exhibited with dry surfaces or wet surfaces of the substrates. For example, Varga et al. [24] found that when additional moisture was supplied to the substrate surface, increased bond strength was observed, as providing extra moisture at the substrate interface resulted in increased formation of hydration products, enhancing the densification of the grout-concrete interface and thereby boosting tensile bond strength [25]. Despite the positive effect on interfacial hydration products with wet surface, however, the effect of surface moisture on bonding strength varied depending on the testing method [1]. Samples with a wet substrate exhibited higher bonding strength compared to dry substrates in pull-off tests, but that the opposite results were observed in slant shear tests. In addition, Farzad et al.[26] found that in slant shear tests, when normal strength concrete was used as repairing material, samples showed higher ultimate stress values in wet conditions compared to dry surfaces. Conversely, when ultra high performance concrete (UHPC) was used for repairing, slightly higher bond strength was observed on dry substrates than on wet ones. Therefore, clarifying the effect of substrate surface moisture on the bonding performance needs to consider both the types of repairing materials, and also the testing methods used to determine bonding performance. 
Further, while OTZ reaction products (including C-S-H, C-A-S-H and N-A-S-H gels) and their role in enhancing bonding strength between geopolymer and concrete substrates were examined preliminarily [27,28], only a limited number of studies have examined the impact of surface moisture of substrate on reaction products at the new-to-old interface and on the microstructures of the OTZ and tried to explain the varying bonding strength from the insight of the microstructures and products at the new-to-old interface, despite the importance of these features for promoting resistance and durability in repaired composites [21]. Xue et al. [29] used X-Ray Computed Tomography (CT) method to observe the new-to-old interface. They found that with a pre-dried substrate, significant shrinkage cracking occurred in the repaired composites from CT images, while with a water-saturated substrate, a large and discontinuous void region at the interface was observed, reducing the bonding strength. Beushausen et al. [14] indicated that higher surface moisture in the substrate led to a higher porosity and lower hydration degree in the OTZ, resulting in decreased bonding strength of the repaired composites. Igor de la et al. [24] reported that the presence of extra moisture accelerated the shape transformation of products from large (randomly-oriented) blade-shaped crystals to denser ‘equant’ crystals, thereby increasing the contact area and in turn increasing the bonding strength. It is clear therefore that both the microstructures and the interfacial products at the new-to-old interface may be significantly affected by moisture, and so it is fundamentally important to better constrain the role of surface moisture on the bonding properties and mechanisms of the OTZ in order to better prepare material substrates, and produce more durable repairs.
Accordingly, most current studies on the effects of surface moisture at the new-to-old interface have focused on Portland cement-based materials (especially UHPC), and limited studies examined the new-to-old interface when using geopolymer for concrete repair. Therefore, few studies paid attention to the effect of surface moisture on the interfacial bonding of geopolymer repair materials. Consequently, in this work, substrates with differing surface moisture contents (dry, ambient, saturated) were prepared, and then the bonding properties of geopolymer-cement composites were measured by interfacial flexural-tensile strength, direct tensile strength, and slant shear strength. Then, the interfacial products were characterized by their X-ray diffraction (XRD) patterns, and Back Scattered Electron (BSE)-Energy Dispersive Spectrometer (EDS) analysis. In addition to BSE analysis of mortar samples, the BSE images of paste samples were also analyzed in detail to further determine constituents (unreacted particles, hardened pastes, and pores), avoiding the effect of aggregates. Finally, the effects of surface moisture on the interfacial products between the geopolymer and the substrate, as well as on the bonding mechanism of the geopolymer repairing material, were assessed.
2.Materials and methods
The chemical compositions of the fly ash (FA) and slag powder (Slag) used here are shown in Table 1, and the mix proportion of the geopolymer repair material was the same as type “ERG-0” used in our previous study [30,31], i.e., fly ash: slag powder =7:3 (mass ratio), 10% content of alkali activator (by Na2O mass, M=1.4), 0.36 of water-to-binder ratio and 2.5 of sand-to-binder ratio. 
Table 1 Chemical compositions (by mass) of fly ash (FA) and slag powder (Slag) by XRF analysis
	Compound
(wt%)
	SiO2
	Al2O3
	CaO
	Fe2O3
	MgO
	TiO2
	K2O
	Na2O

	FA
	56.68
	26.92
	3.48
	6.30
	0.81
	1.44
	2.92
	0.71

	Slag
	32.95
	14.46
	44.05
	0.61
	5.45
	0.73
	0.28
	0.32


42.5 ordinary Portland cement was used to prepare the substrates, with water-to-cement ratio of 0.4 and sand-to-cement ratio of 2.5. The curing ages of cement substrates used for preparing geopolymer-cement composites were all in excess of 28 days, to mimic real-world scenarios as closely as possible. In this work, the curing ages of substrates for repair are about 60 days.
[bookmark: _Hlk202885179][bookmark: _Hlk202885216]To study the effect of surface moisture of the substrate, three types of treatments were implemented (Fig.1). For obvious comparison, extreme dry and saturated surfaces were prepared. Cement substrates with dry surfaces were prepared by placing them into an oven at 60 °C for 2 days, and saturated surfaces were prepared by immersing the cement samples into tap water for 2 days. For ambient surfaces, the cement samples were placed in an ambient environment (23 ± 2 °C and RH 55 ± 5%) after standard curing for 28 days until being applied fresh geopolymer pastes. The sample ID, i.e., C-D, C-A, C-S represented the cement substrate with dry surface (D), ambient surface (A), and saturated surface (S), respectively (see Fig.1) when applying fresh geopolymer repairing material. Prior to being repaired by geopolymer, all cement substrates were taken into the ambient environment 1 hour ahead, to allow dry samples to cool. On saturated samples, surface excess water was removed by careful wiping.
[image: ]
Fig.1 Experimental program of surface moisture preparation of substrates
In this work, the bonding properties of the geopolymer-cement composite were tested and determined by three testing methods shown in Fig.2. 
[image: ]
Fig.2 Testing methods of bonding strength (a) Interfacial flexural-tensile test (b) Direct tensile test (c) Slant shear test.
The interfacial flexural-tensile strength at various targeted ages (1 d, 3 d, 7 d, 28 d and 60 d) was obtained (see Fig.2(a)) according to [32]. The direct tensile strength at these targeted ages was measured (see Fig.2(b)) according to [33]. Slant shear strength (see Fig.2(c)) testing was also performed to evaluate the bond strength. The inclination (α) was set at 30°, applying a compressive force on a cross-sectional area of the sample, which subjects the interface to principal shear stress and principal compressive stress [34].Then the slant shear strength was obtained by dividing the compressive force at failure by the joint area.
The mineral compositions of the interfacial products were qualitatively analyzed by X-Ray Diffraction (XRD), and detailed information can be found in the previous study [35]. Back Scattered Electron (BSE) images of mortar and paste samples were collected using a ZEISS Sigma 300, and Energy Dispersive Spectrometer (EDS) was also used to investigate elemental composition. Sample preparation methods can also be found in our previous study [35]. Mortar samples for BSE images were removed from the samples used for interfacial flexural-tensile strength testing (see Fig.1). Paste samples for BSE images were prepared separately and the mix proportion for geopolymer and cement paste was the same as used for the mortar, except without sand addition. The curing ages of composite samples for BSE observations were all greater than 28 d.
3.Results
3.1 Bonding strength 
3.1.1 Interfacial flexural-tensile strength
[image: ]
[bookmark: _Hlk203535119]Fig.3 The interfacial flexural-tensile strength of samples
[bookmark: _Hlk203713175][bookmark: _Hlk203711749][bookmark: _Hlk203538046]After different surface moisture treatment of the substrates, the interfacial flexural-tensile strength of the repaired composites at the targeted ages is shown in Fig.3. In order to show the influence of curing ages, the interfacial flexural-tensile strength at each age is also plotted in the right-hand figure. When loading, failure occurred along the interface. After 1 d, the surface moisture preparation had little effect on the observed interfacial flexural-tensile strengths, which were all around 2.2 MPa. From 3 d however, the interfacial flexural-tensile strengths of sample C-A were always higher than sample C-D and sample C-S. From 7 d, the interfacial flexural-tensile strengths of sample C-S and C-A were always higher than sample C-D, especially at 60 d, where the difference was particularly pronounced, indicating that a dry surface of the substrate is not advantageous for relatively long-term interfacial bonding. Further discussions and explanations are presented in Section 4 Discussions. Based on the right-hand part of Fig.3, the interface flexural-tensile strength at 7 d has already reached over 70% of that at 28 d, verifying that geopolymer is a promising fast repair material. Furthermore, the increase rates of C-A, C-D and C-S samples at later ages, i.e., from 28 d to 60 d, were 6.38%, 9.53% and 18.86%, respectively, indicating that the increasing rate of the interfacial flexural-tensile strength was higher than that of the other two systems.
3.1.2 Direct tensile strength
[image: ]
[bookmark: _Hlk203536106]Fig.4 The direct tensile strength of samples 
[bookmark: _Hlk203713149]The direct tensile strength of composite samples with different initial surface moisture is shown in Fig.4, similarly, also plotted in the right-hand figure to show the trend with curing ages. In direct tensile tests, failure also occurred along the interface. It can be observed that after 1 d, the direct tensile strength of the sample with a dry surface (C-A) was slightly higher than that of sample C-D and sample C-S. At 3 d, the direct tensile strength of C-D, C-A, and C-S were similar, around 0.7 MPa. From 7 d, the direct tensile strength of sample C-A and sample C-S were consistently higher than sample C-D, with samples with a saturated surface (C-S) slightly higher strength than sample C-A, followed by sample C-D. Similarly, the direct tensile strength at 7 d had reached over 70% of that observed after 28d, and in later ages, the increase in strength of sample C-S was higher than for the other two systems. In terms of increasing strength rate, the direct tensile strength of the samples rapidly increases within the first 7 days and then shows slower growth after 7 days.
3.1.3 Slant shear strength
[image: ]
Fig.5 The slant shear strength of samples
The slant shear strength of the composites is shown in Fig.5, with the same data plotted in the right-hand figure to show the trend with curing ages. During slant shear testing, all samples initially exhibited interfacial slip, with partial matrix failure developing subsequently in some samples. After 1 d, samples had similar slant shear strengths, with sample C-D showing slightly higher strength. In the early stages of curing (e.g., 1 d, 3 d, 7 d), the slant shear strength of sample C-D remained at a relatively high level compared to the other sample types. At later stages however (e.g., 28 d, 60 d), the rate of increase in strength of sample C-D was very slow, much lower than sample C-A and sample C-S. Similarly, the rate of strength increase of C-S from 28 d to 60 d was higher than in the other two systems. In contrast to the interfacial flexural-tensile strength and direct tensile strength data, there were still obvious increases in slant shear strength after 7 d, mainly because slant shear strength is essentially a combination of compressive and shear forces. Therefore, the slant shear strength still increased significantly at later ages due to the strength increase of the geopolymer itself.
Overall, different testing methods reflect the interfacial bonding strength under different stress states. Amongst the three types of testing methods for bonding strength (i.e. different loading direction), the interfacial flexural-tensile strength reflects the bonding properties under mixed mode stresses (flexural and tensile stresses), while the direct tensile strength reflects the most direct bonding properties (only involving tensile stress), and the slant shear strength is the combination of compressive and shear forces, so it would be affected by the properties of matrix. In any cases, it can still be concluded that (based on the above bonding results) surface moisture preparation has little effect on the bonding performance at 1 d, while at later ages a dry surface is disadvantageous for later bonding performance - in particular, highest rates of strength increase between 28 d and 60 d are seen for samples with a saturated surface (C-S). Except for slant shear strength, the bonding strength at 7 d reached over 70% that at 28 d, showing great potential for rapid repair (as a high early strength material). Hani et al. [36] reached similar conclusions, reporting that geopolymer mortar can achieve 80% of its 28-day strength within 3 d. From bonding strength values, considering both early and later bonding strength, it seems that samples prepared at ambient surface moisture content exhibited better strength, i.e., no extra surface moisture treatment of the substrate. This is important as, as noted by Lukovic et al. [37], for cement based repairing material, “medium water absorption (neither impermeable nor very open capillary)” is probably the condition to be expected for most of the concretes that require repair.
3.2 Interfacial products at the new-to-old interface
3.2.1 XRD analysis
After the slant shear strength test at 28 d, distinctive mineral products with different colors were found on the interfacial surface for C-S (as shown in Fig.6(a)), with resulting XRD patterns shown in Fig.6(b)). The sample from the geopolymer mortar part (G) is mainly quartz, geopolymer gel, calcite, and monohydrocalcite, while the sample from the cement mortar part (C) is mainly quartz, C-S-H gel, calcite and portlandite. The XRD pattern of the interfacial products (I) is similar to that of the geopolymer (G), and indicate the presence of quartz, geopolymer gel, and calcite, suggesting the products at the interface are still geopolymerization products. The peak at around 30° representing geopolymer gel and calcite in the interfacial product is more obvious than that of geopolymer, although is less prominent than in the cement.
[image: ]
Fig.6 XRD sampling locations (a), and patterns (b) of products
3.2.2 Element distribution analysis 
In order to understand the effect of surface moisture on the interfacial bonding of the geopolymer repair material on a microscopic scale, BSE images of the C-D, C-A and C-S samples were examined (Fig.7), along with elemental mapping results, showing Si (green), Ca (red), and Al (yellow) elements. EDS line analysis was also carried out to observe the compositional changes from the cement substrate to the geopolymer repairing material. 
[image: ]
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Fig.7 Typical BSE images of mortar samples with dry (C-D), ambient (C-A) and saturated (C-S) surface of initial substrates ((a) C-D; (b) C-A; (c) C-S.)
From the elemental mapping results (see Fig.7 (a2), (b2), (c2)), as expected the Si (green) and Al (yellow) content in geopolymer is higher than that of cement substrate, and the Ca (red) content in cement is higher than that in the geopolymer. Due to the significant difference in Ca content between the geopolymer and cement, the Ca element map can effectively distinguish the two materials. The boundary shown in the Ca element map of sample C-D is very indistinct, while that of sample C-S is very clear and obvious.
From line EDS results (see Fig.7 (a3), (b3), (c3)), there were gradual transitions in element composition moving from the cement substrate to the geopolymer repair material, with no sudden changes, indicating a good bond between the geopolymer and the substrate [27]. Again, due to the significant difference in Ca content between the geopolymer and cement, the thickness of the “Product Transition Layer” can be approximately determined by the changes in Ca, Si and Al content from the line spectrum analysis. Based on this method, the thickness of the product transition layer of C-D is approximately 6 µm, and for C-A and C-S, the thickness of product transition layer is around 5 µm, indicating that the surface moisture of cement had little effect on the thickness of transition zone defined by the change of Ca, Si and Al content from EDS line results. A previous study by Wang et al. [38] reported a similar method with this study. They defined the width of interfacial transition zone according to the changes of Ca/Si and Na/Ca ratios through BSE-EDS analysis, and they found that the widths of ground granulated blast-furnace slag based geopolymer and fly ash based geopolymer were found to be 7 µm and 3 µm, respectively.
From EDS point analysis results (Fig.7 (a4-a6)、(b4-b6)、(c4-c6)), regardless of the initial surface moisture of the cement substrates, the Ca content of the interfacial product (see Fig.7 (a5), (b5), (c5)) is higher than that of the geopolymer (see Fig.7 (a4), (b4), (c4)) but lower than that of the cement substrate (see Fig.7 (a6), (b6), (c6)). The effect of surface moisture on the type of interfacial products will be further discussed in Section 3.2.4.
3.2.3 Constituent distribution analysis
In order to further clarify the constituent distribution (unreacted particles, hardened pastes and pores) and avoiding the complicating effect of the presence of aggregates, the BSE images of composites of geopolymer pastes and cement pastes with different surface moisture were also observed as shown in Fig.8. Based on EDS line analysis gradual transitions of each element were also observed for paste samples, with a gradual decrease of Ca content and gradual increase of Si and Al content moving from cement to geopolymer. Similarly, for C-D, C-A, and C-S, the widths of the product transition layer defined by the change of Ca content from EDS line results were about 5 µm. It is interesting to observe that for C-S, there is a bright band of about 5 µm width at the new-to-old interface (see Fig.8 (c)), induced by high Ca content. Apart from line EDS analysis, EDS point analysis at 10 µm intervals was also performed. Three regions were divided along the line: geopolymer (G), interface (I), and cement (C). The results and analysis of these points will be further discussed in Section 3.2.4.
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Fig.8 Typical BSE images of paste samples ((a) C-D; (b) C-A; (c) C-S.)
The distribution of constituents at every 5 µm far from the substrate surface was studied by statistical analysis of segmented BSE images. Image segmentation was performed based on various grey values and specific shapes of raw materials such as spherical fly ash and irregular slag. Yellow, red, and green colors were used to denote unreacted raw materials, pores (including cracks), and hardened pastes, respectively. Subsequently, images were divided into separate regions along the horizontal direction, with 5 µm of each region, and then the proportions of unreacted particles, hardened pastes and pores in each region were calculated as shown in Fig.9.
[image: ]
Fig.9 The effect of surface moisture on the constituent distribution at the new-to-old interface
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4]From the constituent distribution analysis based on the image analysis method in Fig.9, the contents of unreacted raw materials are relatively low in the area near the cement substrate and then rise. From the corresponding BSE images, it can be observed that the high amount of unreacted particles mainly includes fly ash and slag with large particle size. This phenomenon may be induced by the wall effect of unreacted particles packing [39]. When Luo et al. [40] defined the thickness of the interfacial transition zone (ITZ) in fly ash based geopolymer concrete, they found that the fly ash contents started low near the aggregate and gradually increased to a stable level induced by a wall effect, and the thickness of the zone before the stable stage is around 30 µm, i.e., the thickness of ITZ is 30 µm. Similarly, in this work, the contents of unreacted particles remained at a relatively low value near to the substrate and then increased. So, if the “overlay transition zones (OTZ)” could be defined by the wall effect of unreacted particles packing, i.e., the unreacted particles content from the start to the high value, then the OTZ thickness of C-D, C-A, C-S samples are 35 µm, 30 µm and 20 µm, respectively. The value of OTZ thickness is in agreement with the thickness of the interfacial transition zone (ITZ) between fly ash based geopolymer paste and aggregate, i.e., 30 µm also determined by the wall effect [40]. Additionally, within the OTZ, the highest proportion of unreacted particles of C-D is 33%, followed by C-A and C-S, 18% and 15%, respectively. This indicates that there are more unreacted raw materials within the OTZ when there is less surface moisture in the substrate. As for the pores within the OTZ, the highest proportion of pores of C-S is 22%, followed by C-A and C-D, respectively, indicating higher porosity within the OTZ with the increase of surface moisture of substrates.
3.2.4 Ternary phase diagram analysis 
In order to distinguish the phases present, Fig.10 plots a CaO–SiO2–Al2O3 ternary phase diagram of the C-D, C-A and C-S geochemical data presented in Fig.7 and Fig.8, where Ca, Si, and Al contents are renormalized to 100% on the oxide basis. Following [41–43], areas and their corresponding phases are marked with dashed ovals. Since the line spectrum passes through many unreacted particles from Fig.8, such as fly ash, unhydrated cement particles, and so on, not all dots are present in the marked areas. As can be seen, the main types of geopolymer product (green dots) are C-(N)-A-S-H gel and N-A-S-H gel. It is obvious that the Ca content of the interfacial products (red markers) increased with an increase in surface moisture. The interfacial product of C-D is mainly C-(N)-A-S-H gel, the same as C-A while the Ca content of interfacial products of C-A is higher than that of C-D. The interfacial product of C-S is mainly a combination of C-(N)-A-S-H gel and probably C-S-H gel. It can be speculated that when the cement substrate was treated by immersing into water, more calcium ions leached out from the cement substrate, participating in the interfacial geopolymerization reaction. This can be confirmed by the lower calcium content in the cement products (gray markers) observed in Fig.10 (c).
[image: ]
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Fig. 10 The effect of surface moisture of substrate on the ternary phase diagram of interfacial products ((a) C-D; (b) C-A; (c) C-S.)
4. Discussions of the effect of surface moisture on geopolymer repairing materials
When applying fresh repair material, the condition of the existing substrate surface is critical. What happens when there are different surface moisture conditions? From a theoretical viewpoint, if the existing substrate surface is dry, it would absorb moisture from the fresh material, potentially densifying the interfacial microstructure [1]. Conversely, an extremely dry surface of substrate would result in the absorption of too much water from the fresh repairing material, leading to insufficient hydration near the interface and reduced adherence with the repairing material [15,23]. Meanwhile, if there is extra moisture at the interface, this would reduce the moisture transfer from the fresh overlay into the substrate, promoting better hydration and minimizing shrinkage induced by moisture migration [24]. However, an excess of water would impede hydrates penetration into the grooves or valleys of the interface, thereby diminishing the adherence between the overlay and the substrate [15].
4.1 Effect of testing methods on bonding performance of repairing materials
As mentioned above, when applying fresh repairing material, with a dry substrate surface, the substrate would absorb moisture from the fresh overlay material and this potential water transfer will draw in particles to fill depressions in the substrate. So, how does this particle settling effect induced by water movement affect the bonding properties? This may be distinguished by the testing method used: when the loading direction is parallel with the particle settling direction or with gravity (see Fig.11), i.e., in the interfacial flexural-tensile test or direct tensile test, the solid-solid (unhydrated) contacts resulting from particle settling would not make a contribution to the bonding, meaning that the bonding strength is primarily influenced by the amount of hydration products formed that link across the interface from the repair material to the substrate [1]. When the loading direction deviated from the settling direction, i.e., in the slant shear test, the solid-solid contacts may generate friction when resisting debonding, contributing to the bonding strength. This may explain the 1d slant shear data where the dry surface exhibited slightly higher strength than the test systems with higher surface moisture.
[image: ]
Fig.11 Schematic of the relationship between the particle settling effect and applied testing methods (The idea of densification effect is from Ref.[1])
4.2 The new-to-old interfacial bonding mechanism of geopolymer repair material
As for the bonding mechanism of the geopolymer repairing material, from previous studies [35] there are two main bonding forces, i.e., the mechanical interlocking (or frictional) force (mainly due to surface roughness) and chemical bonding force [44]. Unlike with common cement-based repair materials, there are extra chemical reactions occurring around the repairing interface when applying geopolymer based repair materials [45]. According to Section 3.2.4, the interfacial products of C-D and C-A are mainly C-(N)-A-S-H gel, and the interfacial product of C-S is mainly a combination of C-(N)-A-S-H gel and probably C-S-H gel. The increased Ca ion contents of interfacial products with increased surface moisture may provide direct evidence for the chemical reactions occurred at the new-to-old interface.
4.3 Effect of surface moisture on Overlay Transition Zone (OTZ) 
As noted in Section 1, most researchers agree to the existence of an “Overlay Transition Zone (OTZ)”, although definition of this varies, with some thinking that the OTZ is similar to the interfacial transition zone (ITZ) between pastes and aggregates [13,14]. Old concrete differs from aggregate however as, for example, old concrete is more porous and chemically active than aggregate [44]. Particularly for geopolymer based repair material, chemical reactions will be induced at the OTZ, but pastes won’t react with aggregates. Therefore, in this study, the OTZ was defined according to the wall effect of unreacted particles packing. Based on this, the OTZ thickness was found to be around 30 µm and significantly affected by the substrate’s surface moisture. From Fig.9, the thickness of OTZ increased with the rise of surface moisture of substrates, and the thickness of samples with dry, ambient and saturated surface samples are 35 µm, 30 µm and 20 µm. Also, more unreacted raw materials within the OTZ are found for the sample with less surface moisture of substrate, indicating that a drier surface of substrate would lead to wider OTZ and higher content of unreacted particles within the OTZ.
4.4 Effect of surface moisture on interfacial bonding properties of geopolymer
For geopolymer based repairing material, when fresh geopolymer (new) is poured onto the cement substrate (old), the different surface moisture of the old substrate may create a potential moisture transfer across the interface due to the presence of moisture gradients. Additionally, the varying moisture can lead to different chemical reactions at the interface, resulting in different products at the interface. Based on this, the effect of surface moisture of the substrates as well as on the new-to-old interfacial bonding mechanism of geopolymer repair materials can be summarized in Fig.12. As the substrate surface becomes drier, the migration of moisture at the interface becomes more pronounced. So, for C-D, the boundary of Ca mapping is indistinct, the thickness of the OTZ is wider and there are also more unreacted particles at the OTZ. For C-S, the boundary shown in Ca mapping is very obvious and clearly defined, and the Ca content of the interfacial product is higher. 
[image: ]
Fig.12 Schematic illustration of the effect of surface moisture of the substrate. Solid blue arrows on the right indicate direction of increase in movement extent (of water), number (of particles) and Ca content.
[bookmark: _Hlk203886810]Accordingly, the complex effects of varying surface moisture can be explained by the integrated analysis of interfacial products and microstructures. (1) When the surface of substrate is wetter, on the one hand, the Ca ion contents of interfacial products are higher probably induced by Ca leaching from the cement substrate. Combined with the bonding strength data in Section 3.1, it can be concluded that interfacial products with higher Ca contents generated may be more advantageous for relatively long-term bonding performance. Meanwhile, there are less unreacted particles at the OTZ probably due to sufficient moisture, also smaller thickness of OTZ, which is more beneficial for interfacial bonding properties. On the other hand, higher porosity is observed within the OTZ for sample with higher surface moisture (Fig.9), which are not conducive to the interfacial bonding properties. (2) When sample with drier surface of substrate, the potential water transfer induced by moisture gradient would densify the interfacial microstructure resulting from the potential particles settling effect, which may contribute to the early bonding properties. However, there are more unreacted particles within the OTZ and also wider OTZ. Combined with the bonding strength data, a wider OTZ with more unreacted particles may mean weaker bonding properties. Considering both early and later bonding strength, it seems that samples prepared at ambient surface moisture content exhibited better strength, i.e., no extra surface moisture treatment of the substrate. These guidelines would support practical implementation in concrete repair applications.
5. Conclusions and prospects
In this paper, three kinds of cement substrates with varying surface moisture conditions, i.e., dry (C-D), ambient (C-A) and saturated (C-S), were prepared before applying fresh geopolymer repair material. Then interfacial bonding strength and interfacial products were investigated to understand the effect of surface moisture of substrates on the new-to-old interfacial bonding mechanism of geopolymer. Based on the results from this study, the following conclusions were obtained:
(1) From interfacial flexural-tensile strength and direct-tensile strength results, the bonding strength at 7 d had reached over 70% of that at 28 d, indicating that fly ash-slag powder based geopolymer is a promising material for fast repair. At 1 d, the surface moisture of the substrate had little effect on the bonding strength. Using a dry surface was not advantageous for the improvement of later bonding strength, and samples with a water-saturated surface exhibited greater mechanical strength growth from 28 d to 60 d compared with the other two conditions.
(2) From EDS mapping results, the interfacial change in Ca for the originally wet surface (C-S) is very well-defined and obvious, while the same in the sample with a dry surface (C-A) is much more gradual. Due to the significant difference of Ca, Si, and Al content between the geopolymer and cement, the change of Ca, Si, Al content in the EDS line data can show a “Product Transition Layer”. The initial surface moisture had little effect on the thickness of the product transition layer, however, all around 5 µm.
(3) The interfacial product was found to be geopolymer gel from XRD results. Also, according to a ternary phase diagram of CaO-SiO2-Al2O3 from EDS results, the main types of geopolymer product are C-(N)-A-S-H gel and N-A-S-H gel. The Ca content of the interfacial products increased with an increase in surface moisture. The interfacial products of C-D and C-A are mainly C-(N)-A-S-H gel, and the interfacial product of C-S is mainly a combination of C-(N)-A-S-H gel and probably C-S-H gel.
(4) According to the statistical analysis of segmented BSE images based on the distribution of constituents (unreacted particles, hardened pastes, pores) at 5 µm distances from the substrate surface, the contents of unreacted raw materials are relatively low in the area near the cement substrate and then rise, probably induced by the wall effect of unreacted particles packing. Based on this, the “overlay transition zones (OTZ)” thickness of C-D, C-A, C-S samples are 35 µm, 30 µm and 20 µm, respectively.
(5) For geopolymer based repairing material, the bonding mechanism involves additional chemical reactions at the new-to-old interface, which can be affected by the potential water transfer between fresh repair material and the substrate surface induced by moisture gradients. With dry cement substrates, this water movement effect caused a wider OTZ and there were more unreacted particles in the OTZ. The Ca content of the interfacial products is higher when implementing the preparation of a saturated surface, probably induced by Ca leaching from the cement substrate.
[bookmark: _Hlk202884228][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: _Hlk202884981]Overall, this study focused on the effect of surface moisture of the cement substrate on the bonding properties of geopolymer repair material and the interfacial products at the new-to-old interface. However, in this work, only extreme dry and saturated surfaces were prepared, as well as ambient surfaces for comparison, and environment moisture conditions were not considered. Also, only bonding strength up to 60 days were tested. In future studies, precisely controlled moisture gradients should be created, combined with X-CT, nanoindentation and Neutron Radiography methods, aiming to provide a full view of the new-to-old interface between geopolymer and cement substrates and to establish the connections between moisture distribution over time, products components, microstructures and mechanical properties at the new-to-old interface. In a whole, precise, visualized and quantitative investigation of the new-to-old interface or OTZ should be emphasized to further understand the bonding mechanism and improve the interfacial properties, and particularly how these varies with curing age. For real repair applications, larger samples, long-term bonding properties (1 year or even longer) and field environmental conditions when applying should also be considered, which would support the transition of geopolymer repair materials from laboratory settings to full engineering applications. 
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