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ABSTRACT 

Concrete Block Paving (CBP) is a popular surfacing method currently used for rural 

roads in Sri Lanka, primarily due to its cost-effectiveness, ease of construction, and 

suitability for medium- to low-traffic conditions. Nowadays, CBP is applied not only 

on flat terrains but also on steep slopes. Determining the maximum permissible slope 

for block paving is critical to ensuring the durability, stability, and functionality of the 

pavement system. Empirical studies and field observations show that gradients 

exceeding permissible limits can lead to problems such as erosion, block displacement, 

and reduced skid resistance, especially over unsealed subgrades. 

While several studies have examined the influence of block shape, laying pattern, 

laying angle, joint width, and block thickness on CBP performance in flat terrain, these 

factors may behave differently on sloped surfaces due to additional forces acting on 

the blocks. Therefore, the aim of this research is to investigate the maximum 

permissible slope for CBP under medium- to low-traffic conditions. 

As part of the study, a 90-meter road segment with slopes ranging from 0° to 10° was 

constructed. Paving was done at 10-meter intervals using Uni-style blocks, while 

varying the block patterns, laying angles, and cross beam intervals. Field data were 

used to calculate relative vertical deflections. A Finite Element Model (FEM) was also 

developed in ANSYS software to simulate the behavior of the pavement system by 

varying slope, laying pattern, laying angle, and cross beam spacing. 

The results indicate that as slope increases, horizontal deflection tends to increase 

while vertical deflection decreases. However, when cross beams are placed at optimal 

intervals, both horizontal and vertical deflections become negligible. Under such 

conditions, the effects of slope, laying pattern, and laying angle on pavement 

performance are significantly reduced, making CBP a viable option for rural roads 

even on sloped terrains. 

Keywords: Concrete Block Paving (CBP), Finite-element model (FEM), uni style 

block pattern, Herring bond pattern.  
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1. 1.0 INTRODUCTION 

1.1. Background 

Over the past few years, concrete block paving (CBP) has become a widely used 

solution for rural road construction due to its durability, ease of construction, and low 

maintenance requirements. It is particularly effective in areas with moderate to low 

traffic volumes, offering a cost-effective alternative to conventional asphalt or 

concrete pavements. CBP systems support regular maintenance without the need for 

expensive methods or advanced technologies, making them especially suitable for 

areas prone to frequent surface damage. Compared to traditional construction 

techniques which often face durability issues due to technical and environmental 

constraints and require higher financial investment CBP provides a more practical and 

economical solution (Panda & Ghosh, 2002a; Shackel, n.d.).  

Nowadays, concrete block paving is being applied not only on flat terrain but also on 

steep slopes, primarily because of its cost efficiency and ease of implementation. The 

shape, size, and thickness of the paving blocks have been found to play a critical role 

in determining the performance and behavior of CBP systems, particularly on flat  

terrain.(Panda & Ghosh, 2002a). However, (Miura et al., n.d.) has indicated that, when 

rutting depth is used as a performance indicator, the shape of the paving blocks and 

the pattern in which they are laid have a greater influence on pavement performance 

than the thickness of the blocks. Finite element model analyses conducted by 

(Mampearachchi & Gunarathna, 2010) also demonstrated that the construction pattern 

plays a significant role in the overall performance of concrete block pavements (CBP). 

It is important to note that the majority of previous studies have primarily focused on 

CBP applications in flat terrain conditions. But (Mudiyono, 2015) has done a 

laboratory-scale test to study the degree of slope, laying pattern, joint width, and 

thickness of paving block on the performance of CBP on slopes. While the herringbone 

45° laying pattern with 3 mm joint width was observed to perform best on sloped 

sections, (Murat Algin, 2007) noted that pavers generally exhibit better performance 

when their laying pattern is aligned with, or perpendicular to, the direction of traffic 

(θ = 0° or 90°). Even a slight deviation of 10° from these orientations can significantly 

reduce the effectiveness of interlock. Hence there are some contradictions among past 
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findings. Therefore it is needed to analyze how degree of slope affects in CBP in real 

ground situation. 

1.2. Problem Statement 

In the Concrete Block Pavement surfaces, three types of interlocking takes place 

concurrently to ensure optimal performance and durability as follows. 

(Mampearachchi & Senadeera, 2014); 

 Vertical Interlocking. 

 Rotational Interlocking. 

 Horizontal interlocking. 

Sand between joints helps in achieving vertical interlocking while transferring shear 

forces and rotational interlocking is achieved when adequately thick pavers are tightly 

laid and confined by edge restraints, such as curbs, which counteract lateral forces 

generated by vehicular movement. Specific laying patterns mainly helps in horizontal 

interlocking and the use of cross beams that help distribute forces generated by 

braking, turning, and accelerating vehicles. Curbs and cross beams play a crucial role 

in Concrete Block Pavement (CBP), as they help maintain horizontal interlock and 

ensure the integrity of the system under repeated lateral loads from traffic. 

Unique challenges arise when constructing roads on steep slopes particularly due to 

the vertical traffic loads that also generate a surface component acting down slope on 

the paving blocks. These forces are further intensified by vehicle traction of 

accelerating uphill and braking forces from vehicles descending. Both of which 

contribute to significant horizontal loading on the pavement structure.  

 

Figure 1:Deformation and horizontal creep of CBP for sloping road section (Mudiyono, 2015) 
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In most conventional pavements, these horizontal forces lead to the horizontal creep 

of blocks down slope, resulting in joint openings at the upper end of the pavement, 

rutting, and diminished riding quality.  

Installing an anchor beam or cross beam at the lower end of the pavement can help 

mitigate this movement. However, it is also important to evaluate how other 

parameters such as block type, laying pattern, and laying angle affect the extent of this 

creep. Understanding these influences is essential for determining the maximum 

permissible slope for block paving in rural roads. 
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2. 2.0 OBJECTIVES 

 

This research aims to achieve the following objectives. 

 To investigate the site conditions related to the laying of concrete block paving 

on steep slopes in rural roads. 

 To determine how the shape of concrete blocks, laying pattern, and laying 

angle affect pavement performance with respect to the degree of slope, based 

on both field observations and FEM modeling. 

 To identify the role of external supports (e.g., cross beams) and to determine 

the optimum spacing of such supports to minimize creep in sloped road 

sections. 
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3. 3.0 LITERATURE REVIEW 

  

3.1. Effect of laying pattern 

Complicated stress distributions can be identified in Concrete Block Pavement (CBP) 

surfaces due to the interconnection action between blocks, which makes challenging 

work to accurately assess stress variations under field conditions. However, 

identifying an effective laying pattern that enhances interlocking is crucial. Models 

created using three dimensional software such as SAP2000, provides the capability to 

evaluate the performance comparison of various laying patterns which is challenging 

to assess in the field. According to the model, the herringbone bond pattern exhibits 

smaller vertical deflection, while the stack bond pattern exhibits greater deflection. 

This suggests that the herringbone bond pattern offers greater stability under vertical 

loading. (Mampearachchi & Gunarathna, 2010) 

 

 

 

 

 

 

 

Figure 2: Loading positions vs vertical deflection( different laying patterns) 

As shown in Figures 2 and 3, vertical deflection is greater than horizontal deflection 

(nearly 3 times) and no significant difference in horizontal deflection among laying 

patterns. Therefore, when selecting a strong bond pattern under braking effects, the 

vertical deflection curve can be considered as the key factor. Considering vertical 

loading and braking forces, the herringbone bond pattern exhibits the lower deflection 

and demonstrates superior interlocking performance. Consequently, for improved 

structural integrity, the herringbone bond pattern is advised in road construction 

projects. 
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Figure 3: Loading position vs H. deflection (Different laying patterns)  

(Mudiyono, 2015; Murat Algin, 2007) conducted a laboratory setup with steel frame 

to analyze these parameters. Herringbone 45°, herringbone 90°, and stretcher bond as 

well as different joint widths (3, 5, 7mm) were included in the laboratory setup. Results 

were evaluated horizontal creep and deflection wise under a load equivalent to 0.5 

times of allowable single axle limit. 

It was found that pavements laid in a stretcher bond pattern did not fully develop 

interlock. In fact, as the wheel load increases these pavements failed along the joints. 

But concrete block pavers laid in a herringbone bond achieved overall interlock and 

resisted wheel loads up to 51 kN. These findings suggest that herringbone bond 

patterns provide superior performance compared to the stretcher bond under similar 

loading conditions. 

 

 

 

 

 

 

 

Figure 4: Horizontal force vs Horizontal creep to analyze the effect of laying pattern 
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3.2. Effect of Block shape 

According to (Mampearachchi & Senadeera, 2014), A 100-meter road segment was 

selected and divided into 10 equal sections. In each section, concrete blocks were laid 

using different block shapes and patterns. Surface deflection and displacement of 

blocks were measured using Benkelman beam deflectometer and vernier caliper 

respectively as described in a early study on finite element model (FEM) analysis. 

Figure 5 presents the maximum deflections for three types of concrete blocks. The 

laying angle was maintained at 90°, and the stretcher bond pattern was used 

consistently across all sections. Among the block types, the Uni-style block exhibited 

the lowest deflection, while the Keystone & Cobble blocks showed comparatively 

higher deflections. 

 

 

 

 

 

 

 

Figure 5: Effect of block shapes on deflection 

Figure 6 illustrates distinct deflection patterns for different block shapes: cobble blocks 

produce a narrow, deep deflection basin, while uni-style blocks result in a broader, 

shallower basin. This behavior can be attributed to the greater vertical surface area of 

uni-style blocks compared to cobble or keystone shapes, which increases the contact 

area for frictional interaction with adjacent units. It can be inferred that the capacity 

for load transfer between blocks is closely related to the extent of their vertical 

interface. 

 

 

 

 

 

Figure 6: Loading point vs deflection (deflection profile) 
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3.3. Effect of laying angle 

In studies by (Mampearachchi & Senadeera, 2014), three different laying angles were 

selected to evaluate the effect of orientation on pavement performance. Field tests were 

conducted using a consistent laying pattern (stretcher bond) and block shape (Uni-

style). The results showed that laying angles of 0° and 90° produced the least 

deflection, whereas 45° angle resulted in significantly higher deflection under wheel 

loading. 

45° angle at the wheel load recorded maximum deflection and a narrow, deep 

deflection basin was observed at this angle, while shallow and wider deflection basins 

were associated with the 0° and 90° orientations. The wider, shallow deflection 

profiles at 0° and 90° suggests load transferring between adjacent blocks more 

effective. Hence it is concluded that laying blocks at 0° or 90° angles promotes better 

interlock and load distribution, resulting in lower deflection at the center. 

But according test results of (Mudiyono, 2015; Murat Algin, 2007), horizontal creep 

is lower herringbone 45o. Hence blocks laid in herringbone 45o performed better than 

herringbone 90o  

 

 

 

 

 

 

 

Figure 7: The effect of laying angle 

According to laboratory-scale test done by (Mudiyono, 2015; Murat Algin, 2007), 

effect of joint width, paver thickness and effect of degree of slope was analyzed as 

follows. 
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3.4. Effect of joint width 

In all these experiments, a 50 mm loose thickness of sand was used for the bedding 

course. The results indicate that a decrease in joint width leads to a corresponding 

reduction in pavement deflection. 

 

 

 

 

 

 

 

 

Figure 8: Horizontal force vs Horizontal creep(effect of width of joints) 

3.5. Effect of paver thickness 

Two thicknesses of paving (60 & 100 mm) were used to evaluate pavement response 

and results showed that increasing the thickness of the paving blocks reduced both 

horizontal creep and block uplift. This improvement is attributed to the increased 

contact area between thicker blocks, which enhances frictional resistance and interlock 

between adjacent blocks. 

 

 

 

 

 

 

 

Figure 9: Horizontal force vs Horizontal creep (The effect of thickness of paving) 
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3.6. Effect of degree of the slope 

The results of the full-scale laboratory experiment, as illustrated in Figure 10, indicate 

that increasing the slope leads to greater horizontal creep while reducing vertical 

displacement. This behavior can be attributed to the expansion of the contact area 

between blocks on steeper slopes, which enhances frictional resistance and limits 

vertical movement. 

 

 

 

 

 

 

Figure 10: The effect degree of slope 

There are some contradictions among literature and most of the findings are on flat 

terrains. Therefore it is needed to analyze how degree of slope affects in CBP in real 

ground situation. 

3.7. Effect of cross beams 

As per the “Concrete block paving technical note for steel slopes” published by 

Concrete Manufactures Association of South Africa, to prevent the horizontal creep of 

the blocks down the road, it has recommended anchor beams shall be placed in 

between interlock paving where the slope is greater than 12%. If the slope is between 

8% and 12% anchor beams should be used at the discretion of the engineer. 

 

Figure 11: Sloping of anchor beams  
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4. 4.0 METHODOLOGY 

4.1. Monitoring of existing block paved roads in sloped sections 

Nowadays Concrete Block Paving (CBP) is a widely used surfacing technique for rural 

roads in Sri Lanka. In earlier times, concrete paving was typically used for roads in 

sloped terrains. However, due to its cost-effectiveness and ease of construction, block 

paving has now become commonly used even on steep slopes. 

 

 

 

 

 

 

 

 

 

Figure 12: 12o sloped block paved road 

 

In common practice, Concrete Block Paving (CBP) is implemented in various block 

patterns across different slope conditions. This variation is primarily due to the fact 

that rural roads are owned and maintained by divisional councils, and there are 

currently no standardized guidelines for the construction of block-paved roads. As a 

result, inconsistent construction practices can be observed across rural roads. Some of 

the commonly seen block paving practices are as follows. 
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Road Slope 
Block 

type 

Block 

Pattern 

& 

Angle 

Cross 

beam 

availability 

  

 

6o 

 

 

Uni-Style 

 

 

Herring

bone 

0o/90o 

 

 

Yes 

  

 

4o
 

 

 

Uni-Style 

 

 

Herring 

bone 

45o
 

 

 

Yes 

  

 

10o
 

 

 

Uni-Style 

 

 

Herring 

bone 

45o
 

 

 

No 

  

 

12o
 

 

 

Uni-Style 

 

 

Herring 

bone 

0o/90o
 

 

 

No 

 

Table 1: Existing Concrete Block paved sloped roads 
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Table 1 presents some of the sloped road sections observed during field inspections. 

These four road sections represent four different construction types. The only common 

feature among them is the use of Uni-style blocks. Considering block laying patterns, 

some road sections use a herringbone 0°/90°, while some use herringbone 45°. 

Another key difference observed was the presence and quality of cross beams. In some 

sloped road sections, no cross beams were provided, and in others, the existing cross 

beams were non-standard. In most cases, during block laying, a gap is left every 20–

30 meters, and concrete is simply poured into these spaces, without proper structural 

detailing. 

 

 

 

 

 

 

 

 

 

 

Figure 13: Common field practice of placing cross spacing 

 

As per the “Concrete block paving technical note for steel slopes” standard method of 

placing cross beams are as follows 

 

 

 

 

 

 

 

 

Figure 14: Standard method of placing cross beams 
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4.2. Developing trail concrete block surface 

A 90-meter long gravel subgrade road section with a varied slope ranging from 0% to 

10% was selected for the trial. The subgrade was compacted using a 10-ton roller, and 

the base was prepared using a 150 mm thick aggregate base course. A 50 mm thick 

quarry dust layer was used as the bedding layer, which was leveled with a leveling 

stick and compacted using a plate compactor. 

Road sections of 5 meters and 10 meters in length were selected, and Uni-style blocks 

were placed manually, with varying block patterns. The edge restraints and cross 

beams were constructed after the placement of the blocks. 

 

 

 

 

 

 

Figure 15: Block placing in trail section 

Chainage Road section   

length 

Pattern Cross beam      

availability 

0+000-0+012 12m Herringbone 900 Yes 

0+012-0+020 8m Herringbone 900 Yes 

0+020-0+030 10m Herringbone 450 Yes 

0+030-0+040 10m Stretcher bond Yes 

0+040-0+050 10m Herringbone 900 Yes 

0+050-0+056 6m Herringbone 900 No 

0+056-0+062 6m Herringbone 900 No 

0+062-0+072 10m Herringbone 900 Yes 

0+072-0+078 6m Herringbone 450 Yes 

0+078-0+082 4m Herringbone 900 Yes 

0+082-0+090 8m Herringbone 900 Yes 

 

Table 2: Section wised block paved sections 
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Figure 16: Finished trial block paved road section 

4.3. Analysis of Field data 

After completing the block paving deflection of the wheel path of the surface was 

taken before allowing the traffic 

 

 

Figure 17: Identification of wheel path in completed trail road section 

 

Wheel path 
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Automatic level was used to get the levels of the wheel path after construction. Then 

after 6 months of construction, levels of the wheel path was taken and relative 

deflection was calculated. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Surface level checking using Automatic level instrument 

 

Surface levels of the wheel path (LHS & RHS) was taken 2m intervals as shown in 

Appendix A-1 

 

After 6 months of construction, surface levels of same points of wheel path which was 

taken earlier were again measured using automatic level as shown in Appendix A-2 

 

4.4. Finite Element modelling of CBP 

SAP FEM was initially developed to analyze support conditions, specifically the base 

and sub grade layers. However, due to limitations in the SAP2000 software, it is not 

suitable for analyzing different block shapes and laying patterns. Therefore, ANSYS 

Workbench was selected to develop a similar three-dimensional (3D) model, allowing 

for more advanced analysis of block shapes and patterns, particularly under sloped 

conditions. In this study, it was assumed that the subgrade had a uniform effect on 

pavement deflection across all types of block shapes and laying patterns. (Gunatilake 

& Mampearachchi, 2019). As the main objective was to evaluate deflection and stress 

differences between various block configurations and patterns, the subgrade's 
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influence was considered consistent and therefore not included in the finite element 

model (FEM). As a result, the FEM focused solely on modeling the block layer, the 

sand bedding layer, and the aggregate base course (ABC) layer. 

4.5. ANSYS Workbench for finite Element model analysis 

The cobble block pavement geometry was constructed directly within ANSYS 

Workbench. In contrast, for more complex shapes like the Uni-style block, the 

geometry was initially designed in SolidWorks and subsequently imported into 

ANSYS Workbench. The finite element model (FEM) utilized higher-order 3D solid 

elements with 20 nodes, which are capable of capturing quadratic displacement 

behavior. To enhance solution precision and ensure better convergence, the Hexa 

Dominant meshing approach was applied.  

 

 

 

 

 

 

 

 

 

Figure 19: Mesh developed in ANSYS Workbench 

 The concrete blocks, sand, and road base materials were modeled as isotropic and 

linearly elastic. Their mechanical behavior was defined using parameters such as 

elastic modulus, Poisson’s ratio, and shear modulus, as summarized in Table 5. 

 Table 3: Material properties for SAP FEM (Mampearachchi & Gunarathna, 2010) 



18 

Identical material properties were applied to both the bedding sand and filling sand, as 

the compaction effect on their behavior was deemed insignificant. The filling sand was 

represented as a slab containing voids that matched the dimensions and geometry of 

the concrete blocks. These blocks were then inserted into the voids and considered to 

be bonded with the surrounding filling sand. The contact between the concrete blocks 

and the filling sand was modeled as fully bonded, with the properties of the filling sand 

explicitly defined within the simulation. This modeling technique aligns with 

previously validated approaches used in earlier studies to simulate sand-filled joints. 

(Gunatilake & Mampearachchi, 2019; Mampearachchi & Gunarathna, 2010). Thermal 

effects, such as contraction and expansion of concrete due to temperature variations, 

were excluded from the analysis since the pavement system comprised small, discrete 

units not exceeding 200 mm. The finite element model (FEM) incorporated the filling 

sand, bedding sand, base course, and concrete pavers. The model’s dimensions were 

derived from the experimental setup and the SAP FEM configuration employed by 

(Mampearachchi & Gunarathna, 2010). 

 ABC layer: 200mm 

 Sand bedding: 40mm 

 Sand filling: 5mm 

 Concrete block: 210mm x 100mm x 75mm 

 

 

 

 

 

 

 

 

 

 

Figure 20: Geometry developed with ANSYS Workbench 
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In the study by  (Mampearachchi & Gunarathna, 2010) a point load of 60 kN was 

applied over a rectangular area of 310 mm × 225 mm at the center of the model, 

simulating the tire contact area of a single wheel (Panda & Ghosh, 2002a). This same 

loading approach was adopted in the present model, with a 60 kN load distributed 

across the same contact area. To replicate realistic boundary conditions, the bottom 

surface of the model was fully constrained in all directions, preventing any 

displacement. Meanwhile, the pavement’s four lateral boundaries were restricted from 

moving horizontally but were allowed vertical movement, effectively mimicking the 

confinement typically provided by curbs. In order to model the surface slope condition, 

inclined load was divided into vertical and horizontal load components (Figure 21) 

considering slope angle starting from 0o .As per the Geometric design standards of 

roads published by Road Development Authority, mountainous terrains are classified 

as corridor slope more than 25% which is around 150. Hence for this analysis 

maximum degree of slope has taken as 20o which is a steeper slope value for rural 

roads. The other main surface load is the frictional force acting on the surface due to 

the vehicle movement. Friction coefficient taken as the 0.8 for concrete surfaces and 

when vehicle movements are into upwards highest horizontal force is applied on the 

surface due to the load component and the frictional force. 

 

 

Figure 21: Load application as horizontal and vertical components 
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4.6. Validation of the ANSYS Finite Element model 

The accuracy of the ANSYS finite element model (FEM) was validated by comparing 

its deflection basin results with data from both a laboratory model and the SAP model 

developed in an earlier study by (Mampearachchi & Gunarathna, 2010). For 

consistency, the comparison was based on the setup referred to as Test 4 in that study, 

as it closely matched the support conditions and loading arrangement implemented in 

the ANSYS finite element model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Deflection basin of FEM 

 

 

 

 

 

 

Figure 23: Hinge formation by (Panda & Ghosh, 2002a) 
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Figure 24: Hinge formation developed by ANSYS model 

The hinging behavior, initially identified by (Panda & Ghosh, 2002a) and illustrated 

in Figure 23, describes how hinges develop at different locations depending on block 

positioning relative to the applied load. Specifically, blocks directly under the load 

exhibited hinge formation at their upper edges, while neighboring blocks developed 

hinges at their lower edges. Minimal joint gaps were observed at these hinge points, 

with wider gaps occurring at the opposite ends. This observed behavior supports the 

validity of the joint representation method used in the current finite element model 

(FEM). To further verify the model, deflection patterns were also examined along the 

diagonal axis. 

 

 

Figure 25: Deflection variation along diagonal 

 

Hinging points 
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Table 4: Deflection variation along diagonal 

As observed in earlier research, the greatest deflection occurred directly beneath the 

point of load application (Table 6). Figure 26 presents a comparison of the deflection 

basins derived from the laboratory setup, the SAP model developed by 

(Mampearachchi & Gunarathna, 2010) and the ANSYS model used by (Gunatilake & 

Mampearachchi, 2019). The ANSYS finite element model (FEM) produced 

comparable deflection patterns, reinforcing its effectiveness in simulating the behavior 

of concrete block pavements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26:Verification of ANSYS FEM by (Gunatilake & Mampearachchi, 2019) 

 

Based on the findings above, the ANSYS FEM was employed for further analysis to 

determine the maximum permissible slope for block paving on rural roads. 
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5. 5.0 RESULTS AND ANALYSIS 

5.1. Outcomes of developed trail Concrete block surface 

Relative deflection of the wheel path was taken as the difference between the surface 

levels of the same points of the wheel path before allowing traffic and 6 months after 

allowing traffic. 

 

Chainage Relative Vertical Deflection of wheel path (mm) 

LHS RHS 

0+000 -0.002 -0.003 

0+002 -0.001 -0.002 

0+004 -0.002 -0.003 

0+006 -0.001 -0.003 

0+008 -0.003 -0.002 

0+010 -0.003 -0.004 

0+012 -0.002 -0.004 

0+014 -0.004 -0.003 

0+016 -0.001 -0.003 

0+018 -0.004 -0.004 

0+020 -0.003 -0.002 

0+022 -0.005 -0.004 

0+024 -0.003 -0.003 

0+026 -0.002 -0.004 

0+028 -0.003 -0.004 

0+030 -0.005 -0.005 

0+032 -0.002 -0.003 

0+034 -0.003 -0.003 

0+036 -0.002 -0.001 

0+038 -0.003 -0.004 

0+040 -0.004 -0.004 

0+042 -0.003 -0.002 

0+044 -0.005 -0.004 

0+046 -0.003 -0.003 

0+048 -0.002 -0.004 

0+050 -0.003 -0.003 

0+052 -0.002 -0.004 
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0+054 -0.003 -0.004 

0+056 -0.005 -0.005 

0+058 -0.003 -0.004 

0+060 -0.002 -0.004 

0+062 -0.004 -0.003 

0+064 -0.001 -0.003 

0+066 -0.004 -0.004 

0+068 -0.003 -0.002 

0+070 -0.005 -0.004 

0+072 -0.003 -0.003 

0+074 -0.002 -0.004 

0+076 -0.002 -0.004 

0+078 -0.003 -0.003 

0+080 -0.002 -0.004 

0+082 -0.003 -0.004 

0+084 -0.005 -0.005 

0+086 -0.003 -0.004 

0+088 -0.002 -0.004 

0+090 -0.004 -0.003 
 

Table 5: Relative deflection of wheel path 

 

Average deflection of the wheel path of road section was calculated as follows.  

 

Chainage 
Bond type & 

Angle 

LHS Avg Vertical 

Deflection (mm) 

RHS Avg Vertical 

Deflection (mm) 

0+000 

Herringbone 900 -0.002 -0.003 

0+002 

0+004 

0+006 

0+008 

0+010 

0+012 

0+014 
Herringbone 900 -0.003 -0.003 

0+016 
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0+018 

0+020 

0+022 

Herringbone 450 -0.004 -0.004 

0+024 

0+026 

0+028 

0+030 

0+032 

Stretcher Bond -0.003 -0.003 

0+034 

0+036 

0+038 

0+040 

0+042 

Herringbone 900 -0.003 -0.003 

0+044 

0+046 

0+048 

0+050 

0+052 

Herringbone 900 -0.003 -0.004 0+054 

0+056 

0+058 

Herringbone 900 -0.003 -0.004 0+060 

0+062 

0+064 

Herringbone 900 -0.003 -0.003 

0+066 

0+068 

0+070 

0+072 

0+074 

Herringbone 450 -0.002 -0.004 0+076 

0+078 

0+080 

Herringbone 900 -0.003 -0.004 0+082 

0+084 
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0+086 

0+088 

0+090 

 

Average vertical 

Deflection of 

wheel path 

-0.003 -0.004 

 

Table 6: Average deflection of wheel path of road section 

 

From Table 8 it is observed that average vertical deflection of the wheel path varies 

from mm to 4mm and there is no much effect on the bond type or laying angle. 

Horizontal deflection was not measured in this trail section. 

5.2. Outcomes of FEM Model 

An ANSYS model was developed for two types of block patterns: Herringbone and 

Stretcher Bond. To simulate the surface slope condition, an inclined load was applied 

by decomposing it into vertical and horizontal components based on slope angles 

ranging from 0° to 15°.To analyze the effect of cross beams, two sets of models were 

created: one with cross beams and one without cross beams. These models were further 

varied based on block pattern, block laying angle, and slope gradient to evaluate their 

impact on pavement performance. 

5.2.1. Road section without cross beams 

 

Figure 27: Block surface without cross beam 
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Above models were developed without cross beams and analysis results were 

generated as follows (Table 9). 

Description Without Cross beams 

Block 

Pattern 

Angle 

(deg) 
Slope(deg) 

Vertical 

Deflection(mm) 

Horizontal 

deflection(mm) 

Herringbone 
Bond 

0-90 

0 1.100  0.290  

5 1.090  0.330  

10 1.080  0.350  

15 1.070  0.370  

20 1.063  0.392  

    

45 

0 1.151  0.378  

5 1.139  0.389  

10 1.129  0.398  

15 1.119  0.400  

20 1.109  0.409  

     

Stretcher 

Bond 

0-90 

0 1.201  0.172  

5 1.185  0.212  

10 1.170  0.252  

15 1.163  0.291  

20 1.153  0.330  

    

45 

0 1.245 0.24 

5 1.242 0.246 

10 1.229  0.278 

15 1.206 0.325 

20 1.189 0.386 
 

Table 7: FEM model analysis results 

 

Using FEM model results graphs were developed for vertical deflection & horizontal 

deflection against degree of slope. According to 3D software model, herringbone 

pattern gave lower vertical deflection value while stretcher bond pattern gave the 

higher deflection.  
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Table 8: Vertical deflection vs degree of slope (Without cross beams) 

 

 

 

 

 

 

 

 

Figure 28: Loading position vs v.Deflection in (different laying patterns) 

 

Same scenario was observed in (Mampearachchi & Gunarathna, 2010) when analyzing 

the effective laying pattern (Figure 29). The Herringbone pattern exhibited the lowest 

vertical deflection, while the Stretcher Bond pattern resulted in the highest deflection. 

Among the herringbone configurations, the 0°–90° laying angle showed less vertical 

deflection compared to the 45° angle. For the Stretcher Bond, both laying angles 

produced similar deflection outcomes. 
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Across all four laying configurations, a common trend was observed. As the degree of 

slope increased, the vertical deflection decreased. This is primarily because, with 

increasing slope, a portion of the vertical load is redistributed along the inclined 

surface, resulting in a reduced effective vertical load acting perpendicular to the 

pavement surface. 

 

Table 9: Horizontal deflection vs. degree of slope 

 

 

 

 

 

 

 

Figure 29: Loading position vs H. Deflection (different laying patterns) 

In (Mampearachchi & Gunarathna, 2010), least deflection in horizontal direction 

observed in stretcher bond pattern and higher horizontal deflection observed in 

herringbone pattern.(Figure 31). A similar outcome was observed in the FEM analysis 

for horizontal deflection, where the Stretcher Bond pattern at 45° exhibited the least 

horizontal deflection, while the Herringbone pattern at 45° showed the largest 
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deflection. In all cases, a common trend was that horizontal deflection increased with 

the degree of slope. This increase is attributed to the growing horizontal load 

component generated by the slope angle.  

        Figure 30: Block surface with cross beam 

FEM model was generated including cross beam and analysis results were generated 

as follows (Table 9). 

Description With Cross beams 

Block Pattern 
Angle 

(deg) 
Slope(deg) 

Vertical 

Deflection(mm) 

Horizontal 

deflection(mm) 

Herringbone 

Bond 

0-90 

0 0.496 0.037  

5 0.484  0.040  

10 0.468  0.042  

15 0.458  0.044  

20 0.448  0.045  

    

45 

0 0.512  0.037  

5 0.500  0.039  

10 0.492  0.041  

15 0.480  0.042  

20 0.470  0.043  

     

Stretcher Bond 

0-90 

0 0.516  0.035  

5 0.507  0.037  

10 0.495  0.038  

15 0.485  0.041  

20 0.477  0.042  

    

45 

0 0.518  0.033 

5 0.515  0.034 

10 0.501  0.037 

15 0.491  0.039 

20 0.483  0.040  
 

Table 10: FEM model analysis results 
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With the introduction of cross beam, the vertical deflection was reduced from 1.10 mm 

to 0.51 mm, nearly halving the original value. Additionally, vertical deflection 

decreased with increasing slope angle in all cases. 

 

Figure 32: Horizontal deflection vs degree of slope 

Horizontal deflection showed a significant reduction with the introduction of cross 

beams, dropping from 0.3 mm to 0.035 mm, which is almost ten times smaller. This 

clearly demonstrates the substantial impact of cross beams on the stability of concrete 

block surfaces. 

Figure 31: Vertical deflection vs degree of slope 
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Figure 33: Combined graph of Vertical deflection vs degree of slope 

 

 

Figure 34: Combined graph of Horizontal deflection vs degree of slope 

 

When observing the combined graph, it is clearly visible how both vertical and 

horizontal deflections vary with increasing slope angle, and how the implementation 

of cross beams has affected the block surface. Vertical deflections have been reduced 

by more than half, while horizontal deflections have decreased significantly by 

approximately ten times. 
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Another significant observation was that, due to the horizontal load component, 

horizontal deflection increased. However, the amount of this increase was significantly 

lower in block surfaces with cross beams compared to those without. 

Therefore, it is evident that the implementation of cross beams on block surfaces has 

a substantial impact in reducing horizontal deflection, and when cross beams are 

present, the slope of the block surface has minimal effect on deflection. 

5.3. Optimum spacing of cross beams 

It was observed that cross beams play a significant role in the stability of road sections 

with slopes. The spacing between cross beams often varies due to common practices 

and site conditions. Therefore, it is necessary to analyze the optimum spacing of cross 

beams and FEM model was developed for sectional lengths of 5 m, 10 m, 15 m, and 

20 m to study the effect of cross beam spacing. The same parameters were used as in 

the previous model, with the degree of slope varying from 0° to 20°, and a 60 kN load 

applied. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35: 4m road section developed with ANSYS Workbench 
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Figure 36: Analysis of 4m road section 

 

Considering degree of slopes from 00 to 200, analysis results were obtained for vertical 

and horizontal deflections for road sections with cross beams(cross beam intervals) 

starting from 2m to 20m, and graphed as follows. 

 

 Vertical deflection 

Degree 

of 

Slope 

Direction 

of 

deflection 

 

Graphs 

 

 

 

00 

 

 

 

Vertical 

 

 

 

 

 

 



35 

 

 

 

50 

 

 

 

Vertical 

 

 

 

 

100 

 

 

 

Vertical 

 

  

 

 

 

 

150 

 

 

 

Vertical 

 

  

 

 

  



36 

 

 

 

200 

 

 

 

Vertical 

 

  

 

 

Table 11: Vertical deflection graphs from 00 to 200 

 Horizontal deflection 
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Table 12: Horizontal deflection graphs from 00 to 200 
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Observing the above graphs indicates that as the spacing between cross beams (cross 

beam intervals) increases, both horizontal and vertical deflections increase uniformly. 

However, when the degree of slope increases, this uniformity breaks at a certain point, 

and the rate of deflection increase becomes significantly higher. This suggests a 

correlation between the degree of slope and cross beam spacing. 

Based on these observations, the best-performing block paving pattern which is 

herringbone was selected, and two graphs were plotted showing vertical and horizontal 

deflection versus cross beam intervals for different slope angles. 

  

 

It was observed that as the road section length (spacing between cross beams) 

increases, sections with a 0° slope show a uniform increase in deflection. However, 

when the slope angle increases, this uniformity breaks at a section length of 10 m, 

beyond which vertical deflection increases drastically. 

 

 

 

Figure 37: Cross beam intervals vs vertical deflection for different degree of slopes 
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A different scenario was observed in the road section length vs. horizontal deflection 

graph. The uniform increase in horizontal deflection breaks at a road length of 15 m 

for the 50 and 100 slope graphs, whereas for the 150 and 200 slope graphs, this 

uniformity breaks at 10 m. 

This indicates that for road sections with a slope angle up to 100, cross beam spacing 

can be effectively maintained at 15 m intervals. However, for slopes greater than 100, 

a 10 m spacing between cross beams is more appropriate. Nevertheless, when 

considering both vertical and horizontal deflection graphs, it is recommended to adopt 

a 10 m cross beam spacing for all sloped road sections to ensure overall structural 

stability. 

 

 

 

 

 

Figure 38: Cross beam intervals vs vertical deflection for different degree of slopes 
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6. 6.0 CONCLUSION 

The average vertical deflection measured from the field data of the trial section ranged 

from -3 mm to -4 mm. When compared with the FEM model results, these deflections 

were significantly higher. This difference is likely due to the uncontrolled nature of 

the field site, where construction quality and external variables could not be regulated 

unlike in a laboratory-scale environment. Therefore, field measurements should be 

interpreted as indicative rather than directly comparable with the FEM outputs. 

Upon validating the FEM model, simulations were conducted under varying block 

laying conditions, including different block patterns, laying angles, and slope gradients 

from 0° to 20°. Results showed that in the absence of cross beams, both vertical and 

horizontal deflections increased with slope, and were strongly affected by block 

pattern and laying angle. Among the tested configurations, the herringbone pattern 

performed best. However, when cross beams were introduced, deflections decreased 

significantly, and the impact of slope, pattern, and angle became minimal. 

These simulations were based on a 2-meter road segment and later extended to 

investigate the effect of cross beam spacing up to 20 meters. The analysis suggests that 

for road slopes up to 10°, cross beams spaced at 10 to 15 meters are sufficient, while 

slopes between 10° and 20° require a maximum 10-meter spacing. From a structural 

performance perspective, 10-meter cross beam spacing provides the best balance 

between constructability and deflection control across sloped terrains. 

It is also important to acknowledge several limitations. The FEM model used cobble 

block geometry instead of the Uni-style blocks commonly used in Sri Lanka, due to 

software constraints. The analysis assumed only a single axle static load and did not 

include dynamic effects such as braking forces. Furthermore, the influence of varying 

joint width spacing, sand filling, and higher traffic volumes were not considered. These 

factors could affect deflection behavior and should be explored in future research. 

Based on the current findings and within these limitations, it is concluded that concrete 

block paving can be used effectively on rural road slopes up to 15°, provided that cross 

beams are installed at 10-meter intervals. Slopes exceeding 15° may not be practical 

for rural road construction due to vehicle navigation issues and increasing instability 

under higher loads. Future work should investigate higher slopes, variable traffic loads, 
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braking effects, and different block geometries to extend the applicability of these 

findings. 
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7. 7.0 LIMITATIONS AND RECOMMENDATIONS 

Uni-style blocks are the most commonly used interlocking block type for rural road 

paving in Sri Lanka. However, due to geometric limitations, this block type cannot be 

directly modeled within ANSYS Workbench. Instead, the geometry must first be 

developed in SolidWorks and then imported into ANSYS Workbench. Given this 

constraint, cobble-style block geometry was adopted in the finite element (FEM) 

model for this study. 

This research primarily focused on determining the maximum permissible slope for 

block paving, specifically in the context of Sri Lankan rural roads. These roads often 

serve as vital connections between small communities and main roads, typically 

experiencing low traffic volumes. However, in certain hill country areas, rural roads 

can have slopes exceeding 20°, and in some cases, these roads function as the main 

access route for villages, leading to increased traffic demands. 

In this study, a single axle load was applied in the FEM analysis. It is recommended 

that future research incorporate a range of axle loads to reflect varying traffic demands. 

Such investigations could also analyze the relationship between axle loads and optimal 

cross beam spacing, which is a key factor in resisting block creep on sloped pavements. 

As noted, the analysis in this study was limited to a maximum slope of 20° due to time 

constraints. However, practical observations indicate that steeper slopes exist in 

upcountry regions. Therefore, future research should extend the analysis beyond 20°, 

particularly to assess cross beam spacing requirements for slopes greater than this 

value. This would provide more applicable and comprehensive design guidance for 

rural roads in hilly areas. 

The FEM model used a fixed joint width spacing of 5 mm with sand filling. It is 

advisable for future studies to investigate the effects of varying joint widths and 

analyze whether there is a correlation between joint width spacing, slope angle, and 

required cross beam spacing. This could provide critical insight into joint behavior and 

its influence on pavement stability under inclined conditions. 

Moreover, only static load and frictional force were considered in the current FEM 

analysis. The influence of braking forces especially relevant on sloped roads was not 
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accounted for. Future models should incorporate braking effects to enhance the 

reliability of the simulation and better reflect real-world driving conditions. 
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9. 9.0 APPENDIX 

 

Appendix A-1  

Levels of the wheel path after construction before allowing traffic 

  

Chainage 
Wheel path 

LHS RHS 

0+000 100.100 100.105 

0+002 100.360 100.366 

0+004 100.621 100.629 

0+006 100.881 100.894 

0+008 101.152 101.161 

0+010 101.414 101.426 

0+012 101.679 101.690 

0+014 101.948 101.953 

0+016 102.211 102.217 

0+018 102.476 102.483 

0+020 102.742 102.748 

0+022 103.003 103.013 

0+024 103.261 103.274 

0+026 103.522 103.536 

0+028 103.781 103.800 

0+030 104.041 104.065 

0+032 104.302 104.331 

0+034 104.567 104.594 

0+036 104.829 104.848 

0+038 105.091 105.104 

0+040 105.354 105.369 

0+042 105.622 105.625 

0+044 105.884 105.885 

0+046 106.149 106.146 

0+048 106.413 106.410 

0+050 106.679 106.671 

0+052 106.940 106.935 

0+054 107.205 107.194 
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0+056 107.467 107.459 

0+058 107.730 107.725 

0+060 107.995 107.990 

0+062 108.257 108.256 

0+064 108.520 108.516 

0+066 108.782 108.776 

0+068 109.045 109.042 

0+070 109.312 109.307 

0+072 109.580 109.571 

0+074 109.845 109.837 

0+076 110.108 110.103 

0+078 110.370 110.370 

0+080 110.634 110.631 

0+082 110.899 110.896 

0+084 111.165 111.160 

0+086 111.430 111.428 

0+088 111.695 111.696 

0+090 111.964 111.963 

 

 

Appendix A-2  

Levels of wheel path after 6 months allowing traffic 

 

Chainage 
Wheel path 

LHS RHS 

0+000 100.102 100.108 

0+002 100.361 100.368 

0+004 100.623 100.632 

0+006 100.882 100.897 

0+008 101.155 101.163 

0+010 101.417 101.430 

0+012 101.681 101.694 

0+014 101.952 101.956 

0+016 102.212 102.220 

0+018 102.480 102.487 
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0+020 102.745 102.750 

0+022 103.008 103.017 

0+024 103.264 103.277 

0+026 103.524 103.540 

0+028 103.784 103.804 

0+030 104.046 104.070 

0+032 104.304 104.334 

0+034 104.570 104.597 

0+036 104.831 104.849 

0+038 105.094 105.108 

0+040 105.358 105.373 

0+042 105.625 105.627 

0+044 105.889 105.889 

0+046 106.152 106.149 

0+048 106.415 106.414 

0+050 106.682 106.674 

0+052 106.942 106.939 

0+054 107.208 107.198 

0+056 107.472 107.464 

0+058 107.733 107.729 

0+060 107.997 107.994 

0+062 108.261 108.259 

0+064 108.521 108.519 

0+066 108.786 108.780 

0+068 109.048 109.044 

0+070 109.317 109.311 

0+072 109.583 109.574 

0+074 109.847 109.841 

0+076 110.110 110.107 

0+078 110.373 110.373 

0+080 110.636 110.635 

0+082 110.902 110.900 

0+084 111.170 111.165 

0+086 111.433 111.432 

0+088 111.697 111.700 

0+090 111.968 111.966 

 




