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Abstract: Recently, the polymer cement mortar (PCM) overlaying method has gained popularity as a 9 

repair/retrofitting technique. The debonding issue at the interface hinders the worldwide application of 10 

this strengthening method. Accompanying the occurrence of debonding at the interface, the 11 

strengthening effect of the PCM is lost, causing a sudden decrease in the load-carrying capacity. To 12 

prevent premature debonding, this study aims to enhance the concrete-PCM interface by using silica 13 

fume. The bi-surface shear test was selected as the test method, and three levels of surface roughness 14 

(highest level with sandblasting, medium and lowest levels with steel wire brushing) and two different 15 

concrete compressive strengths (low strength type (LS) with 16.73 MPa and normal strength type (NS) 16 

with 29.59 MPa) were given as experimental parameters. When the surface is roughened by 17 

sandblasting, the specimens with 5% silica PCM increase the interfacial strength compared to that of 18 

the normal PCM cases by approximately 36.84% and 35.05% for the “LS” and “NS” types of concrete, 19 

respectively. The percentage increase is even higher when the surface is roughened by steel wire 20 

brushing (high and low), with an increase of approximately 135.35% and 181.12%, respectively. This 21 

fact indicates that silica fume inclusions can enhance the chemical bonding at the concrete-PCM 22 

interface. The mixing of silica fume in PCM and a higher surface roughness level shifts the pure 23 

interface failure (I) mode closer to the concrete cohesion (C) failure mode for “LS” type concrete and 24 

to the composite fracture mode (I-P) for “NS” type concrete. Conclusively, it is confirmed that mixing 25 

silica fume into PCM strengthened the interface bonding strength. 26 

Keywords: Polymer cement mortar, overlaying method, premature debonding failure, interfacial 27 

strength, silica fume 28 
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1. Introduction 1 

The twentieth century saw a dramatic increase in large construction projects made from reinforced 2 

concrete (RC) around the globe. These structures are at risk of deterioration due to their exposure to 3 

various severe environments. Previously, serious accidents occurred that not only caused substantial 4 

monetary damage but also damage to livelihoods, including human lives. Instead of replacing these 5 

deteriorating structures, repairing and strengthening them is a better solution from both economic and 6 

environmental viewpoints. Therefore, the important task in civil engineering is to determine an efficient 7 

method for restoring deteriorated concrete construction and to simultaneously ensure the highest level 8 

of safe operation. 9 

Numerous experimental and analytical research works are being carried out around the globe and 10 

have been done in the past to propose suitable strengthening techniques to achieve the full 11 

serviceability of deteriorated structures. Most procedures involved in the rehabilitation/strengthening 12 

process require special materials, techniques, and knowledge, making rehabilitation a complex task. 13 

Traditional materials and methods are also used as a means to reduce the cost of the intervention. Over 14 

recent decades, strengthening techniques such as external post-tensioning [1], FRP jacketing [2], steel 15 

plate bonding [3,4], continuous fibre sheet bonding [5], and cement matrix-based methods [6,7] have 16 

been proposed based on practical experience and scientific research and are currently in use after 17 

exhaustive studies. However, some drawbacks hinder the worldwide application of these strengthening 18 

techniques, such as debonding issues at the interface of the concrete and repair material, the cost of the 19 

repair materials, difficulties in applying on humid surfaces, susceptibility to UV radiation, poor fire 20 

resistance, and chemical damage. To overcome some of these obstacles, alternative research has been 21 

carried out by applying polyparaphenylene benzobisoxazole-fibre reinforced cementitious mortar [8] 22 

and polymer cement mortar (PCM) [9].    23 

Recently, the PCM overlaying method has gained popularity worldwide as a repair/retrofitting 24 

material due to its higher flexural strength and ductility, higher adhesive strength with substrate 25 

concrete compared to normal cement mortars, and lower permeability [10]. In this method, 26 

cementitious material such as PCM is sprayed/trowelled onto the surface of concrete structures to 27 

increase the cross-sectional area of the structures and improve construction durability. This method 28 
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relies on the adhesive force of the PCM itself. Among all cementitious materials, polymer-modified 1 

cement mortar provides good adhesion at the interface because polymer films surround the hydration 2 

products and aggregates. The coalescence of polymer particles fills all the pores, reduces the porosity, 3 

and increases the adhesive strength [11,12].  4 

The PCM overlaying method often upgrades the flexural capacity and stiffness of strengthened 5 

RC structures. Based on previous experimental studies [13,14,15], it has been established that the 6 

bond between the substrate concrete and PCM presents a weak link in the composite structure, and 7 

premature debonding failure of the overlay was found to be one of the major failure modes of 8 

PCM-strengthened RC beams. In the PCM application, the provision of a good bond between the 9 

substrate concrete and overlay is an important requirement for restoring the monolithic character. The 10 

bond behavior at the concrete-PCM interface particularly influences the structural performance. The 11 

premature debonding failure depicts that the retrofitted structure fails at a lower load than the 12 

designated load carrying capacity and cannot achieve full serviceability. In light of the weak bond at 13 

the concrete-PCM interface, how this interface can be more effectively improved to prevent the 14 

premature debonding failure mode is now a matter of great concern. In general, the success of the 15 

intervention relies on the interface capacity to transmit stresses and ensure monolithic behavior. 16 

Therefore, the shear stress and strength along the interface have been the object of studies by 17 

numerous authors and continuously been revised over the years [16]. Concerning the abovementioned 18 

issue, this study aims to increase the interface bonding between existing concrete and PCM using 19 

silica fume and surface penetrant with a provision to prevent brittle debonding failure in the PCM 20 

overlay strengthening technique. In the past, almost no studies investigate the chemical bonding 21 

mechanism of substrate concrete and repairing materials to increase the interfacial bonding, while it is 22 

known that free alkali after the hydration of cement reacts with the silica compound of silica fume to 23 

produce C-S-H, which strongly affects the bonding strength. 24 

The bonding between the substrate concrete and repair material is also highly influenced by 25 

various factors, as reported in previous investigations, such as the surface roughness of the substrate 26 

concrete [17,18], moisture condition of the concrete [19], and substrate concrete compressive strength 27 

[20]. Environmental conditions such as temperature also affect the interfacial bond properties. An 28 
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average reduction in the interfacial shear strength of approximately 18% and 35% were reported by 1 

Miura [10] for specimens exposed to 40°C and 60°C, respectively, compared to 20°C, while the 2 

surface roughness was introduced by sandblasting. Although different factors have an impact on the 3 

interfacial bonding strength, in this study, the effect of surface preparation techniques (three levels of 4 

surface roughness: highest level with sandblasting, medium and lowest levels with steel wire 5 

brushing) and two different concrete compressive strengths (low strength type (LS) with 16.73 MPa 6 

and normal strength type (NS) with 29.59 MPa) were considered as the experimental parameters for 7 

the concrete-PCM bond performance as a priority basis.  8 

2. Bonding mechanism 9 

The mechanisms of the bond strength at the interface between the new overlay layer and old 10 

substrate concrete are described under ‘bond-adhesive’ and ‘bond-cohesive’ mechanisms. The 11 

‘adhesive’ mechanism is related to the embedding action between the reactive matrix materials of the 12 

new material and the old substrate concrete, and the ‘cohesive’ mechanism is linked to the ‘overlay 13 

transition zone’ of the new material. These two mechanisms are closely associated, and if the 14 

bond-adhesive strength is not developed, the interface cohesive mechanism will not be effective. Thus, 15 

good adhesion at the interface is required for a successful repair. In general, concrete and PCM are 16 

connected at the interface by micro filler and the anchoring effect of the PCM. The PCM overlaying 17 

interface is mainly bonded by mechanical bonding, as shown in Fig. 1 (without chemical bonding), 18 

despite concrete and PCM parts relying on chemical bonding.  19 

 20 

Fig. 1 Schematic diagram of bonding of the PCM overlaying interface 21 
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It is thought that the existence of C-S-H crystals affects the bonding strength. Therefore, if C-S-H 1 

crystals could also be made to improve the interface between the concrete and PCM, it is expected that 2 

the interfacial bond strength will increase to prevent debonding failure. Thus, this study aims to 3 

increase the interface bonding strength by using silica fume.  4 

The higher surface area, very high amorphous silicon dioxide content (approximately 90%), and 5 

extreme fineness of silica fume make it highly reactive [21]. Additionally, the presence of silica fume 6 

accelerates the hydration of the main constituents of cement, i.e., A-lite (C3S), B-lite (C2S), and ferrite 7 

(C4AF) [22, 23]. After the hydration of cement, the free alkali, in the form of calcium hydroxide 8 

[Ca(OH)2], reacts with the silica compound of silica fume under the water supply condition to form an 9 

additional binder material called calcium silicate (C-S-H) hydrate [24], which strongly affects the 10 

bonding strength. Additionally, reactive-type sodium silicate surface penetrant is used to re-react the 11 

cured concrete to cause cured concrete hydration, as hydration of both cured concrete and PCM is 12 

required to form a chemical bond between these two materials. However, cured substrate concrete 13 

cannot easily undergo chemical reactions. With this aim, in our previous study [25], 2.5% and 5% 14 

silica fume of the PCM mass was used with and without surface penetrant. It was found that the 15 

application of surface penetrant to an interface can decrease the interface strength if the application 16 

time is inappropriate, and it was suggested that the surface penetrant should be applied approximately 17 

8 hours before the application of PCM to give enough time for the chemical reaction to take place 18 

between the surface penetrant and substrate concrete. Although a slight decrease in the interfacial 19 

shear strength in the case of 2.5% silica PCM compared to the normal PCM case was observed for the 20 

experimental results, an improvement in the interfacial shear strength of approximately 26% was 21 

observed in the 5% silica PCM case compared to the normal PCM case. 22 

3. Outline of the test 23 

3.1 Materials and mix proportion 24 

In this study, four types of materials were used: concrete, PCM, silica fume, and surface penetrant. 25 

Their mix proportions are discussed in the following sections. 26 

3.1.1 Substrate concrete 27 

Two kinds of concrete with mix ratios, as shown in Table 1, were cast in the laboratory for this 28 
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research. Concrete with a higher W/C was termed as “LS” type concrete, and concrete with a lower 1 

W/C was referred to as “NS” type concrete. Concrete was cast with commercially manufactured 2 

ordinary Portland cement (OPC) in the case of “LS” type concrete and with high early strength cement 3 

in the case of “NS” type concrete. Crushed stone with a maximum size of 19 mm for the coarse 4 

aggregates and river sand as the fine aggregates were used for both types of concrete.  5 

Table 1 Mix proportions of concrete 6 

Type of Concrete W/C (%) Water (L) 
Amount(kg/m

3
) 

Cement Sand Aggregate 

LS 60.0 160 266.67 816.75 1067.4 

NS 40.0 160 400.0 788.0 1128.2 

 7 

3.1.2 Polymer cement mortar (PCM) 8 

As an overlaying material, PCM was used in this experimental work. Commercially available 9 

PCM supplied by Denka company was used, with polyacrylic ester (PAE) polymer. The supplied PCM 10 

was mixed with the desired amount of water at the time of application, and the mixture became ready 11 

to be used. In this study, PCM was cast in the laboratory by mixing 1 bag of 12.5 kg of PCM with 1.9 12 

kg of water (Denka company’s recommendation) before applying PCM over the concrete surface. 13 

3.1.3 Silica fume 14 

As a means to increase the interfacial bonding strength between the concrete and PCM, silica 15 

fume was used in this experimental work. In general, the use of a substantial amount of silica fume 16 

causes a lack of water because it consumes a substantial amount of water due to its small particle size. 17 

Therefore, a large amount of silica fume may cause material stagnation, whereas a very small amount 18 

of silica fume hinders the formation of the required C-S-H crystals at the interface, which does not 19 

satisfy the interface strengthening requirement [25,26]. In this study, a silica fume content of 5% of the 20 

PCM mass was mixed with premixed PCM to prepare silica fume PCM. Silica fume was mixed into 21 

PCM powder immediately before mixing with water. 22 

3.1.4 Surface penetrant  23 

As a second improving material of the interfacial bonding strength between the concrete and 24 

PCM, a surface penetrant (SP) supplied by the Fuji Chemical Co., Ltd. was used in this test. A reactive 25 
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type of (silicate-based) surface penetrant was utilized in the test. The main component of the surface 1 

penetrant was “sodium silicate”. The surface penetrant was applied to the substrate concrete surface 8 2 

hours before the application of the PCM layer, as shown in Fig. 2. A pipette was used for the uniform 3 

application of the surface penetrant over the entire concrete surface. According to the application 4 

guidelines for the surface penetrant by Fuji Chemical Co., Ltd. [27], the surface of the concrete should 5 

be maintained with a 6 to 7% moisture level measured with a KTT moisture meter before the 6 

application of the surface penetrant. Surface penetrant was applied twice with a time interval of 60 7 

minutes, and the amount was maintained at 0.15 l/m
2
 for each of the 1

st
 and 2

nd
 applications. Although 8 

the moisture content of the substrate concrete was not measured, attention was paid to the wet 9 

condition of the surface of the substrate concrete before application of the surface penetrant and 10 

casting of the PCM layer. For the situation where some portion of the surface penetrant remained over 11 

the concrete surface, it was wiped before the application of the PCM layer. 12 

 13 

Fig. 2 Application of the surface penetrant over the concrete surface 14 

3.2 Specimen preparation 15 

3.2.1 Bulk specimens 16 

Cubic specimens with a size of 150 x 150 x 150 mm and 100 x 100 x 100 mm for measuring the 17 

shear strength and cylindrical specimens with a size of 100 x 200 mm and 50 x 100 mm for measuring 18 

the compressive strength were cast for concrete and PCM, respectively. Following the previous study 19 

[28, 29], different sizes of bulk concrete and PCM specimens were selected to reduce the material use 20 

of PCM. After casting, the molds were covered with a polythene sheet to avoid the evaporation of 21 

moisture. All the specimens were de-molded after 24 hours. All the concrete specimens were cured for 22 

28 days in wet conditions, whereas the specimens containing PCM were cured for 7 days (wet curing) 23 

to help in the hydration process and 21 days (dry curing) to form polymer films that could fill the 24 
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voids and strengthen the PCM [30].  1 

3.2.2 Composite specimens 2 

3.2.2.1 Surface preparation  3 

For the preparation of composite specimens, concrete cubical specimens with a size of 150 x 150 4 

x 100 mm were cast first. One surface of the specimen with a size of 150 x 150 mm was roughened by 5 

steel wire brushing (WB) and sandblasting (SB) methods for better interlocking of the overlay layer to 6 

the substrate layer, as these methods generate fewer micro-cracks in the substrate layer [16]. Two 7 

types of roughness levels were prepared by the WB technique and categorized as low (L) and high (H). 8 

Eight hours after the concrete was cast, steel wire brushing was performed in the laboratory by the 9 

author. The types of cement used in the specimen preparation results in the difference in the surface 10 

roughness level. The specimens cast with high early strength Portland cement resulted in a lower 11 

roughness level with no exposure of coarse aggregate, as shown in Fig. 3(a), whereas the specimens 12 

cast with normal strength Portland cement resulted in a higher roughness level with some exposed 13 

aggregates, as shown in Fig. 3(b), thus named WB(L) and WB(H), respectively. On the other hand, 14 

sandblasting was performed after 14 days of curing of the concrete, and it was observed that the types 15 

of cement used in the specimen preparation did not result in different surface roughness levels, as 16 

shown in Fig. 3(c). Following the outcomes of the trial test (in WB cases) by the author and previous 17 

group research in our team [10, 25] (in SB cases), paying good attention, it is possible to get similar 18 

roughness level of the three specimens used in each group by visual inspection. Also, the considered 19 

roughness level as shown in Fig 3(a-c) can be easily identified with visual inspection with minimal 20 

scattered roughness value. Thus, qualitative assessment based on the visual inspection method was 21 

used to define the roughness level in this study rather than the quantitative analysis that widely used 22 

by many researchers. 23 
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(a) WB(L) (b) WB(H) (c) Sandblasting (SB) 

Fig. 3 Treated substrate concrete surface in this test  1 

3.2.2.2 Preparation of the composite specimen 2 

Concrete specimens with a size of 150 x 150 x 100 mm were put into the mold, and the 3 

roughened surface was kept facing up in the mold. Before casting the PCM, the top surface of the 4 

substrate concrete specimens was cleaned with high air pressure to remove any dust as well as to 5 

create microporosity which helps in good adhesion. After that water was sprayed at the top concrete 6 

surface following the Guidelines on Design and Application Methods of Silicate-based Surface 7 

Penetrant used for Concrete Structure [27] and free water on the rough surface was removed with a 8 

towel just before casting the PCM to provide a saturated concrete substrate with a dry surface for 9 

adequate bonding [31]. Though moisture content of the substrate concrete was not measured 10 

quantitively, good attention was paid to the wet condition of the surface of substrate concrete before 11 

casting PCM. Once water stagnation had disappeared, PCM was trowelled over the treated surface of 12 

the concrete. The PCM was trowelled in two layers (approximately 25 mm in each layer) with a time 13 

interval of 180 minutes, and the mold was filled to produce the specimens of a 150 mm cube, which 14 

meant that the cast volume of the PCM was 150 x 150 x 50 mm, as shown in Fig. 4.  15 

  

 

Concrete Surface treatment Composite specimen 

Fig. 4 Procedure of composite specimen preparation for the bi-surface shear test (unit: mm) 

 16 

The concrete in the composite specimens had already been cured and was in the hardened state, 17 

but the PCM was in the fresh state. Thus, composite specimens were cured following the curing 18 

process of PCM containing specimens described in Section 3.2.1. The total number of composite 19 
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specimens cast is shown in Table 2. 1 

 2 

 3 

Table 2 Number of composite specimens for the interfacial shear test 4 

Specimen types 

Surface roughness preparation 

Steel wire brushing 

(Low) 

Steel wire brushing 

(High) 

Sandblasting 

C
o

m
p

o
si

te
 S

p
ec

im
en

s A+C -- 3 3 

A+D -- 3 3 

B+C 3 -- 3 

B+D 

A+D with SP 

B+D with SP 

3 -- 3 

-- 3 3 

3 -- 3 

Note: A & B denote “LS” and “NS” types of concrete, and C & D denote normal and 5% silica PCM. 5 

3.3 Testing procedure 6 

3.3.1 Bulk specimens 7 

The compressive strengths of both materials, concrete, and PCM, were measured using the standard 8 

test method as per ASTM C39 [32]. Compressive testing was performed using a universal testing 9 

machine (UTM) available in the laboratory. The average compressive strength of three specimens was 10 

recorded as the compressive strength under particular conditions. The shear strength was evaluated by 11 

using the bi-surface shear strength test, which was explained in detail by Momayez et al. [33]. The 12 

geometry and types of specimens tested for the evaluation of the bi-surface shear strength are shown 13 

in Fig. 5(a-b) for concrete and PCM, respectively.  14 
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(a) Bulk concrete (b) Bulk PCM 

Fig. 5 Schematic diagram of the shear test of the bulk specimen with the loading condition (unit: mm) 1 

Three specimens were tested for each specimen type, and the average shear strength of the three 2 

specimens was recorded as the shear strength under particular conditions. The shear strength was 3 

evaluated by using the following equation.   4 

                  
  

  
                                         (4)                                                         5 

 where    = the shear bond strength (MPa),    = the ultimate load (N) and A = the area of the 6 

connected interface (mm
2
). 7 

3.3.2 Interfacial shear strength of the composite specimens 8 

The interfacial shear strength is one of the major interface properties that need to be carefully 9 

investigated. The measurement of the “pure” shear strength has always been a challenge for 10 

researchers, as it is a very difficult condition to achieve in reality. Many previous methods have been 11 

proposed to quantify the interfacial shear strength [33,34]. Single or double shear tests have been 12 

widely used and developed to evaluate the interface shear strength due to their simple loading method, 13 

but it has a disadvantage in the possibility to cause not adhesive failure but local compressive failure at 14 

the edge of loading plate or bending crack [35]. The slant shear test that evaluated under a 15 

combination of compression/tension and shear action at the interface has also been investigated by 16 

some researchers and has been developed as a design standard such as ASTM C 882 [36]. The 17 

presence of a compression force in the slant shear test leads to higher bonding strength than that in the 18 

pure shear stress condition due to the increase in friction. Meanwhile, the test method is greatly 19 
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influenced by the difference between the stiffness of substrate concrete and repair material, the 1 

geometry of the test such as size and axis at the shear plane [34]. Some researchers have used their 2 

developed testing method for the pure interfacial shear strength measurement, but these methods were 3 

not widely accepted due to their complex test setups. Each of these tests has been reported to have 4 

some advantages and disadvantages compared with one another. Momayez et al. [33] proposed a new 5 

direct shear test named bi-surface shear strength test that does not require any special form and can be 6 

fabricated easily as well as gives this method gives less variation in the results. Thus, this method is 7 

widely used for the evaluation of the interfacial shear strength. Consequently, considering the fact of a 8 

large number of specimens with different roughness levels and to ease the complexity in specimen 9 

preparation, the bi-surface shear test was adopted to measure interface shear strength in this study. The 10 

scheme of the test method used for the measurement of the interfacial shear strength of the composite 11 

is shown in Fig. 6. The interfacial shear strength was evaluated by using Equation 4, and the average 12 

strength of the three specimens was recorded as the interfacial shear strength under particular 13 

conditions. 14 

 15 

Fig. 6 Schematic diagram for the interfacial shear strength of the composite specimen (unit: mm) 16 

3.4 Interfacial slip measurement 17 

Few studies have been found in the literature on the interface behavior of the concrete and repair 18 

material, especially with slip or opening information at the interface. In a previous study [10], a π 19 

gauge was used for the measurement of the interfacial slip between the concrete and PCM. In this 20 

study, demec points were used, as shown in Fig. 6, at distances of 50 mm and 100 mm from the top 21 

edge of the specimens for the measurements of interfacial slip at that particular position. Inclined 22 
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demec points were attached in two directions at angles of 45° and 135° with the horizontal direction. 1 

The demec point reading was taken by the contact gauge at some particular load during the test.  2 

Using these data, the slip was calculated based on the simple assumption. The average of the two 3 

calculated slip values was based on two inclined demec points and one horizontal demec point and 4 

was considered the slip at that particular point. Furthermore, the average of the two calculated slip 5 

values at two positions is considered the slip of that particular specimen. The calculation method of 6 

the slip is shown in Fig. 7(a-e). The line BB  in Fig. 7(c) is oblique, i.e., not purely horizontal or 7 

vertical. Therefore, it can assume two cases where point “B” moves purely horizontally (Case-1, in Fig. 8 

7(d)) and point “B” moves purely vertically (case-2, in Fig. 7(e)). 9 

 

 

 
(a) (b) (c) 

 

   

 

(d) (e) 

Fig. 7 Calculation procedure of the interfacial slip 10 

In the original situation,        can be thought of as a combination of case-1 and case-2. 11 

    
       

                 

Assumption: θ and θ1 are almost equal. 
 

This pure horizontal movement (   
    ) is the 

reading of the horizontal gauge. This horizontal 
movement causes an oblique movement (  

     
         ) 

Assumption: θ and θ1 are almost equal. 
 

This purely vertical movement,    
     is the 

slip. Due to this vertical slip, the oblique 
displacement (  

               ) has occurred.  
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where a: opening measured by the horizontal gauge, b: slip, C: (= C1 + C2) displacement 1 

measured by the inclined gauge, C1 and C2: decomposed displacement measured by the inclined gauge, 2 

Co: initial reading of the inclined gauge, θ1: angle at the concerning displacement, and θ: initial angle 3 

4. Test results and discussions 4 

4.1 Bulk specimens  5 

The compressive and shear strengths of both materials, the concrete and PCM, were evaluated for 6 

the cylindrical and cubical specimens, where both strengths were expressed as the average of the three 7 

specimens. The average strengths along with the standard deviation and coefficient of variance of all 8 

the bulk specimens are presented in Table 3.  9 

Table 3 Average compressive and shear strengths of all the tested monolithic specimens 10 

Specimen types 

Test type 

Compressive Shear 

Strength 

(MPa) 

SD 

(MPa) 
COV (%) 

Strength 

(MPa) 

SD 

(MPa) 
COV (%) 

LS concrete (A) 16.73 1.65 9.87 4.53 0.36 7.96 

NS concrete (B) 29.59 2.38 8.06 7.82 0.26 3.28 

Normal PCM (C) 74.75 0.25 0.34 6.24 0.43 6.88 

5% silica PCM (D) 59.06 3.1 5.25 7.23 0.29 3.95 

Note: SD - standard deviation, COV - coefficient of variance 11 

4.2 Composite specimens 12 

4.2.1 Interfacial shear strength  13 

Table 4 Interface shear strength (average) of all the tested composite specimens 14 

Overlay 

parameters 

Substrate concrete 

parameters 

Bi-surface Shear Strength 

Interfacial Strength (MPa) SD (MPa) COV (%) 

Normal PCM 

NSC_SB 3.24 0.38 11.85 

LSC_SB 2.86 0.42 14.71 

NSC_WB(L) 0.63 0.04 7.14 

LSC_WB(H) 1.17 0.08 6.85 
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5% silica PCM 

NSC_SB 4.38 0.46 10.58 

LSC_SB 3.92 0.51 13.03 

NSC_WB(L) 1.77 0.13 7.34 

LSC_WB(H) 2.76 0.12 4.23 

5% silica PCM 

with SP 

NSC_SB 1.50 0.13 8.48 

LSC_SB 1.22 0.12 9.87 

NSC_WB(L) 0.38 0.03 7.70 

LSC_WB(H) 0.71 0.02 1.41 

Note: NSC-Normal Strength Concrete, LSC- Low Strength Concrete 1 

The interface shear strengths of the composite specimens were evaluated by the bi-surface shear 2 

test. The average strengths along with the standard deviation and coefficient of variance of all the 3 

composite specimens are presented in Table 4. There were three specimens in each group. The data of 4 

the particular specimens were excluded when the difference value between any measured value and 5 

the mean value calculated exceeds 20% of the mean value, the median value measured is taken as the 6 

mean value. The COV values ranged from 1.41% to 14.71% which are reasonable considering the 7 

variability of production of cementitious composites. A large variation in SD and COV value were also 8 

observed in interfacial shear strength test in previous studies [25,37,38]. 9 

The constituent of the overlay material attached to the substrate concrete influenced the 10 

interfacial bonding strength. The inclusion of 5% silica fume of the PCM mass in the overlay material 11 

greatly increased the interfacial strength in each substrate concrete compressive strength and surface 12 

roughness case. The percentage increases in the interfacial strength for the case of 5% silica PCM 13 

compared to the normal PCM cases are presented in Fig. 8. The increasing percentage is very high for 14 

the steel wire brushing cases with both the medium and lowest surface roughness levels compared to 15 

the sandblasting case that has the highest surface roughness level. This fact indicates that silica fume 16 

inclusions can enhance the chemical bonding at the concrete-PCM interface. Therefore, in practical 17 

PCM strengthening applications, the inclusion of silica fume in the overlay material is highly 18 

suggested if the substrate concrete cannot meet the roughness requirements. 19 
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 1 

Fig. 8 Increase in the interface shear strength by the inclusion of silica fume in PCM 2 

The composite specimens (5% silica PCM with SP) show less interfacial shear strength compared 3 

to normal PCM composites irrespective of the types of concrete or surface roughness level as shown 4 

in Fig. 9 which indicates that our initial thought on the possible enhancement of the bond strength by 5 

silicate-based surface penetrant was not correct. One of the reasons for the reduction in the interfacial 6 

bonding strength is the presence of a white compound in both the concrete and PCM parts in the 7 

specimens with the surface penetrant, as shown in Fig. 10(a). In a previous study [25], this white 8 

compound was also observed at the interface of the specimens with surface penetrant, and the 9 

presence  10 
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 1 

Fig. 9 Decrease in the interface shear strength in %5 silica PCM with SP compared to normal 2 

PCM composite 3 

of 44% CaCO3 was found by X-ray diffraction analysis of the white compound, which was higher 4 

compared to that of the normal concrete cases (approximately 20%). This white compound cannot be 5 

seen in the normal PCM cases or the cases without the surface penetrant, as shown in Fig. 10(b). 6 

Another cause for the reduction in the interface shear strength is that the layer of the surface penetrant 7 

over the substrate concrete acts as a protective layer. In general, this material is used over the cured 8 

concrete surface as a surface modifier to protect the surface from abrasion, water penetration, etc. This 9 

protective layer hinders the flow of the water to the cured concrete, which is required for hydration 10 

and prevents the small silica fume and PCM particles from filling the gaps among the cement particles 11 

of the substrate, resulting in a weak bond between the substrate concrete and overlay layer. In the SP 12 

application, it is realized that it is very important to adjust the chemical reaction time of SP and PCM. 13 

The intensive chemical reaction time between concrete and SP which depends on the kinds of SP used 14 

has not been studied so well. Therefore, more tests on SP application are intending to do in our future 15 

research to know the exact surface penetrant reaction time to realize effective interface bonding. 16 

3.24 

2.86 

0.63 

1.17 

1.5 

1.22 

0.38 

0.71 

0 

1 

2 

3 

4 

In
te

rf
ac

e 
S

h
ea

r 
S

tr
en

g
th

 (
M

P
a)

  Normal PCM composite 

5% silica PCM composite with SP 

NSC_SB LSC_SB LSC_WB(H) NSC_WB(L) 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

17 

 

  

(a) With surface penetrant (b) Without surface penetrant 

Fig. 10 White compound in the interface 1 

The results of this study and the previous study [25] with different substrate concrete compressive 2 

strengths are compared in Fig. 11(a) when the surface is roughened by sandblasting. The vertical axis 3 

indicates the interfacial shear capacity, and the horizontal axis indicates different substrate concrete 4 

compressive strengths. An increase in the interfacial shear strength of 13.29% for the normal PCM 5 

case and 11.74% for the 5% silica PCM case when the surface was roughened by sandblasting was 6 

found in this study for “NS” concrete compared to that of “LS” concrete. In the case of the low 7 

substrate concrete compressive strength cases, cracks occur in the concrete earlier and propagate 8 

towards the interface, causing failure of the specimens through the interface or with the concrete 9 

cohesion fracture mode, subsequently resulting in lower interfacial bonding strength. The increase in 10 

the interfacial bonding strength with the increases in the substrate concrete compressive strength was 11 

also observed when 5% silica PCM specimens were compared to the normal PCM specimens. The 12 

increase percentages were 36.84%, 35.05% and 26.11% for the concrete compressive strengths of 13 

16.73 MPa, 29.59 MPa, and 40.17 MPa, respectively. This indicates that the percentage change in the 14 

interfacial strength for the 5% silica PCM compared to that of the normal PCM cases decreased with 15 

the increase in the substrate concrete compressive strength. 16 

Fig. 11(b) shows that the interfacial bonding strength decreases with increasing substrate concrete 17 

compressive strength. This is because the roughness level is high for the case of the specimens with a 18 

lower substrate concrete compressive strength. Conclusively, there is an optimum surface roughness 19 

level of the substrate concrete up to which the substrate concrete compressive strength is not effective 20 

on the interfacial bonding performance. After the optimum surface level, the interfacial strength 21 
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increases with increasing substrate concrete compressive strength. 1 

 2 

(a) Sandblasting 3 

 4 

(b) Steel wire brushing 5 

Fig. 11 Effect of the substrate concrete compressive strength on the interfacial bonding at different 6 

surface roughness levels. 7 

Many available reports have been discussed [39-42], and it has been concluded that the surface 8 

roughness treatment is significantly important for enhancing interface bonding between the substrate 9 

concrete and overlay materials. This study also confirmed the positive roughness effect of the 10 

substrate concrete on the interfacial bonding performance between the concrete and PCM. From Fig. 11 

12, it is seen that the surface roughness prepared by sandblasting, that has a higher surface roughness 12 

level, results in a higher interfacial shear strength than that of the steel wire brushing cases that have a 13 

lower surface roughness level for the case of both normal PCM and 5% silica PCM composite 14 

specimens. In the case of the normal PCM composite specimens, sandblasted specimens with the 15 

highest level of roughness have higher interfacial strengths of approximately 5 times and 2.5 times 16 
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compared to the specimens roughened by steel wire brushing (lowest and medium roughness level). 1 

Consequently, the surface roughness level greatly influences the interfacial bonding performance both 2 

in normal PCM and 5% silica PCM cases.  3 

 

Fig. 12 Variation in the interfacial strength with different surface roughness techniques 

4.2.2 Fracture mode of the composite specimens 4 

4.2.2.1 Definition of the fracture mode  5 

The composite specimens are considered a combination of three zones/layers: the PCM cohesion 6 

layer, concrete cohesion layer, and interface between the concrete and PCM termed the adhesion layer. 7 

The fracture modes are named according to the location of the fracture on the surface of the specimens. 8 

In this study, four types of fracture modes were observed. Sometimes, the failure was along with the 9 

interface and named the pure interface fracture mode, as shown in Fig. 13(a), with or without tiny 10 

cracks in the concrete or PCM. Some failures were categorized as a composite fracture mode. In some 11 

cases, especially for low strength substrate concrete, some aggregates were seen attached to the PCM 12 

side, as shown in Fig. 13(b), and named the interface-concrete composite fracture mode (I-C). When 13 

some PCM is attached to the concrete substrate, as shown in Fig. 13(c), the failure mode was named 14 

the interface-PCM composite fracture mode (I-P). Additionally, when the fracture was observed only 15 

in the substrate concrete cohesion layer, as shown in Fig. 13(d), the fracture mode was named the 16 

concrete cohesion fracture mode (C).   17 
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(a) Pure interface fracture (I) (b) Interface-concrete composite fracture (I-C) 

  

(c) Interface-PCM composite fracture (I-P) (d) Concrete cohesion fracture (C) 

Fig. 13 Sample fracture surface of the composite specimens 1 

4.2.2.2 Observed fracture mode in the composite specimens  2 

In this study, all of the composite specimens with surface penetrant showed pure interface (I) 3 

fracture. The fracture modes of the specimens other than the surface penetrant specimens are shown in 4 

Fig. 14. The sandblasted specimens showed an increase in the number of specimens that failed at the 5 

mixed-mode or concrete cohesion mode in 5% silica PCM cases compared to normal PCM cases. For 6 

example, one pure interface fracture mode (I) was observed in the case of specimen LSC_NPCM_SB, 7 

but no pure interface fracture mode (I) was observed in the case of specimen LSC_5% silica 8 

PCM_SB; rather, the fracture mode shifted to one mixed-mode (I-C) and two concrete cohesion modes 9 

(C). It may be considered that concrete cohesion fracture occurred when the interface shear strength 10 

was higher than the concrete shear strength. However, for both the normal PCM and 5% silica PCM 11 

cases, all the specimens show pure interface fracture mode (I) when the surface is roughened by steel 12 

wire brushing (both high and low steel wire brushing cases). Consequently, it can be said that the 13 

increase in the surface roughness shifted the failure surface closer to the concrete cohesion (C) side for 14 

the case of the low substrate concrete compressive strength and to the mixed-mode (I-P) for the case 15 

of the high substrate concrete compressive strength. 16 
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 1 

Fig. 14 Fracture mode observed for the composite specimens 2 

4.2.3 Fracture energy  3 

  

(a) Sandblasting -NS type concrete (b) Sandblasting-LS type concrete 

  

(c) Steel wire brushing (L)- NS type concrete (d) Steel wire brushing (H)-LS type concrete 

Fig. 15 Comparison of the load-displacement relationship for normal PCM and 5% silica PCM 

specimens 
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Fig. 15(a-d) shows the relationship between the load and displacement where displacement is the 1 

vertical deformation measured using LVDT at the mid-position of the specimens during testing that 2 

includes bending deformation of the specimen and settlement at the supports. Most of the curves show 3 

a sudden drop in the load value due to crack initiation and propagation through the interface 4 

representing pure interface or mixed-mode fracture. Only a few curves in Fig. 15(b) show a gradual 5 

decrease in the load value, which represents the concrete cohesion fracture mode. The initial stiffness 6 

and slope of the curve increase with the inclusion of silica fume on the PCM compared to normal 7 

PCM in both the normal and low strength substrate concrete cases, as shown in Fig. 15(a-b), when the 8 

surface was roughened by sandblasting. However, for the surface roughness cases with steel wire 9 

brushing, the initial stiffness and slope of the curve showed different trends, thus, it is difficult to get 10 

any tendency from the graphs (Fig. 15(a-b)) for the normal PCM and 5% silica PCM specimens cases.  11 

The fracture energy was obtained from the area under the load-displacement curve, as shown in 12 

Fig. 15(a-d), for the normal PCM and 5% silica PCM cases. The calculated fracture energies of all the 13 

tested composite specimens are shown in Table 6.  14 

Table 5 Fracture energy of all the tested composite specimens 15 

Concrete and 

surface preparation 

Specimens 

No. 

Fracture energy (N/mm) 

Normal PCM 5% silica PCM 5% silica PCM with SP 

NSC_SB 

1 5.34 (I-P) 9.53 (I-P) 1.11 

2 4.01 5.30 0.52 

3 5.83 8.50 (I-P) 0.89 

LSC_SB 

1 4.09 9.93 (C) 0.76 

2 6.76 (I-C) 9.50 (C) 0.60 

3 9.39 (C) 5.72 (I-C) 1.23 

NSC_WB(L) 

1 0.23 1.38 0.19 

2 0.32 1.65 0.21 

3 0.35 1.74 0.18 

LSC_WB(H) 

1 0.52 4.95 0.80 

2 0.85 3.35 0.47 

3 0.84 3.26 0.32 

Note: Letters within the brackets represent the fracture mode of the specimens 16 
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The results with the letters within the brackets (I-P), (I-C) or (C) represent the fracture mode of 1 

the specimens, whereas the results having no enclosed bracket represent the pure interface fracture 2 

mode (I). The concrete cohesion and composite fracture mode correspond to higher fracture energy 3 

than that of the pure interface fracture modes. The results also indicate that the specimens that failed 4 

by the concrete cohesion fracture mode (C) possess higher fracture energy than the specimens that 5 

failed by either the composite (I-P) or (I-C) fracture modes. Besides, the fracture energy of the 6 

specimens with 5% silica fume is more than that without the silica fume with few exceptions. 7 

Consequently, it can be said that the fracture energy increases with the inclusion of silica fume, which 8 

is also affected by the fracture mode of the composite specimens. 9 

4.2.4 Opening and slip of the composite specimens 10 

Demec points were attached in the horizontal and inclined directions, as shown in Fig. 6, and the 11 

movement of the concrete and PCM layer along these directions was measured by the contact gauge 12 

upon loading to calculate the slip of the specimens. The openings measured by the horizontal demec 13 

points of the normal PCM sandblasted specimens are shown in Fig. 16.  14 

 15 

Fig. 16 Load-opening relationship of the NPCM specimens when the surface was roughened by 16 

sandblasting 17 

The measured opening value is much less when the specimens failed through the pure interface 18 

(I) or concrete cohesion (C) modes compared to the specimens that failed by mixed-mode failure, i.e., 19 

both (I-P) and (I-C). In the case of the mixed-mode failure, cracks were seen around the interface 20 
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(more precisely within two demec points in the horizontal direction) either in the concrete or PCM 1 

part; thus, some openings were measured by contact gauges, as shown in the specimens 2 

“LSC_NPCM_SB_2” and “NSC_NPCM_SB_1”. However, the crack opening was hardly measured 3 

for the case of the other specimens. For the case of the specimens that failed by the concrete cohesion 4 

(C) failure mode, cracks were formed in the concrete part outside the range of the demec point; thus, 5 

the opening value measured by the contact gauge was very low. Additionally, in the case of pure 6 

interface (I) failure, the opening was hardly measured due to sudden brittle failure through the 7 

interface without any cracks in either the concrete or PCM part. 8 

  

(a) Opening-slip relationship (b) Load-slip relationship 

Fig. 17 Relationship of the slip with the opening and load of the NPCM sandblasted specimens 9 

The interfacial slips that includes only the relative displacement in in-place direction of the 10 

interfaces were calculated by Equation 5 using the contact gauge data. The relationship between the 11 

opening and slip is shown in Fig. 17(a), which indicates that the slip value is directly related to the 12 

opening value measured in the horizontal direction, i.e., an increase in the opening values results in a 13 

larger interfacial slip. Additionally, the load-slip relationship of the normal PCM sandblasted 14 

specimens is shown in Fig. 17(b). The post-peak behavior is hardly present due to sudden brittle 15 

adhesion failure that was observed, and the load-slip relationship is found to be almost the same and 16 

linear up to the pre-peak region in all cases. Because brittle failure occurred at the interface, it became 17 

very difficult to use the contact gauge measurement after it reached the peak load. Additionally, the 18 

machine had to continually stop for the use of the contact gauge, which introduced a discontinuity in 19 

the measurement, but the continuous measurement is important to obtain the post-peak behavior. 20 
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Consequently, demec points with manual measurement techniques are not suitable to measure 1 

interfacial slip; instead, automatic continuous measurement techniques using a high-resolution camera 2 

and a digital image processor is intending to use in our future research. 3 

4.3 Comparison with a previous study 4 

The comparison between the results of this study and the previous study concerning PCM overlaying 5 

at the material level test is shown in Table 6. The observations are summarized as follows: 6 

 The interface shear strength for the case of normal PCM in the study by Rashid et al. [43] is 7 

higher than that in the study by Miura [10], and this study, though the surface roughness 8 

treatment (sandblasting techniques), test type and specimen sizes were the same. This is caused 9 

by the higher roughness level of sandblasting. The roughness levels used in this study and in the 10 

previous study [43] are shown in Fig. 18.  11 

   

Fig. 18 Comparison of substrate concrete roughness level by sandblasting in different study 

 Many studies in the past discussed the use of bonding agents, for example, primers at the 12 

interface to increase the bonding strength. The positive influence of primers was also confirmed 13 

in the previous study [43]. However, primers have a negative impact on the environment. The 14 

inclusion of the 5% silica fume in this study results in a higher interfacial strength, which is 15 

compatible with that of the study by Rashid et al. [43], although no bonding agent was used in 16 

this study, and the surface roughness level was lower than that of the previous study.   17 

 The interfacial shear strength in the previous study [25] is much higher than that in the other 18 

study mentioned. This difference is mainly caused by the small specimen sizes used and the 19 

different test types used. Smaller specimen sizes result in higher interfacial strengths than larger 20 

specimen sizes. The same phenomenon was also found in another study [33].  21 
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Used in this study Used in the study 

[43] 

Used in the study 
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Table 6 Comparison of the parameters and strength between previous studies and this 1 

research 2 

 
Specimen Size 

(mm)  
Surface preparation Overlay materials 

Interface shear 

strength (MPa) 

Rashid, K. 

[43] 

150x150x150 

(Bi-surface shear) 

Strong water jetting 

(Ra as 0.73 mm)  

NPCM without primer 3.65 

NPCM with primer 4.55 

Miura, S. 

[10] 

150x150x150 

(Bi-surface shear) 

Sand blasting 

 (Ra as 0.5 mm) 
NPCM with primer 3.37 

Shibao, H. 

et.al [25] 

100x80x70  

(Direct single 

surface shear) 

Sand blasting 

 (Ra as 0.48 mm) 

NPCM 5.57 

5% Silica PCM  7.03 

This study 
150x150x150  

(Bi-surface shear) 
Sand blasting 

NPCM 3.24 

5% silica PCM 4.38 

 3 

Conclusions 4 

The following conclusions can be made from this material level test: 5 

 The interfacial shear strength increases with the increase in the surface roughness level for both 6 

the normal PCM and 5% silica PCM cases.  7 

 The substrate concrete compressive strength is not effective in increasing the interfacial bonding 8 

strength up to a certain surface roughness level (optimum level) of the substrate concrete. If the 9 

roughness level exceeds that of the optimum level, the interfacial bonding strength increases with 10 

increasing substrate concrete compressive strength.  11 

 The inclusion of silica fume in the PCM will increase the interfacial bonding strength. 12 

Additionally, the mixing of silica fume in the PCM shifts the failure surface closer to the concrete 13 

cohesion (C) side for the case of the low substrate concrete compressive strength and to the 14 

composite fracture mode (I-P) for the case of the high substrate concrete compressive strength if 15 

the surface roughness level is high. However, the surface roughness prepared by steel wire 16 

brushing that has a lower surface roughness level result in the pure interfacial fracture mode (I) 17 

for both the normal PCM and 5% silica PCM cases. 18 

 The fracture energy is affected by the fracture mode of the composite specimens, i.e., the 19 
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interfacial fracture mode (I) results in smaller fracture energy, whereas the composite fracture 1 

(I-P) or (I-C) and concrete cohesion fracture mode (C) results in higher fracture energy. 2 

 Applying the surface penetrant at the interface decreases the interfacial shear strength and results 3 

in the pure interfacial fracture mode (I), even if the surface roughness is high.  4 

 The relationship of the load with opening and slip is linear up to the pre-peak region in all cases, 5 

but the post-peak behavior is hardly observed with the contact gauge technique due to brittle 6 

adhesion failure. 7 

 The slip value is directly related to the opening value measured in the horizontal direction, i.e., an 8 

increase in the opening values results in a larger interfacial slip. 9 
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