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ABSTRACT 
 

The inadequacy of climate-resilient shelters remains a problem in many 
vulnerable regions in the Philippines. Addressing this issue requires low-cost and 
accessible solutions that can perform similarly to concrete and steel amidst calamities. 
The abundance of bamboo species, such as Bambusa blumeana, makes it a viable, 
sustainable building material. Ensuring the stability of bamboo structures relies on the 
strength of its joints and connections. Experimental research was conducted to 
determine the dowel bearing strength and failure mode behavior of bamboo P-
connections. The physical and mechanical properties of bamboo culms were identified 
using ISO 22157-1. Full-hole tests using ASTM D5764 and ISO 22157-2 were 
referenced to assess the dowel-bearing strength of bamboo. Results indicate 
improvement in strength with increase in bolt size ranged from 3 to 7 MPa depending 
on the mortar infill strength while capacity increase due to mortar was noticeably 
present ranging from nearly 2.5-3 MPa depending on the dowel diameter when 
comparing samples with and without mortar. The failure modes recorded among 
samples were mostly splitting or combination of bearing and splitting failure, with 
bearing failure limited to samples with the small bolt diameters.  
 

1. INTRODUCTION 
 

The adoption of sustainable materials in construction has been gaining traction in 
recent years in response to the environmental impact and consumer demands in the 
construction industry. A more conscious approach to material selection aids in 
mitigating the adverse effects of conventional materials on the environment 
(Aghazadeh et al., 2022). Adherence to sustainable development practices led to the 
emergence of renewable and cost-effective solutions serving as alternative options to 
widely used materials such as concrete and steel, contributing immensely to waste 
generation and greenhouse gas emissions (Al-Bayati et al., 2024; Tahmasebinia et al., 
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2024). Bamboo research has been evolving in developing countries to create and 
enhance design regulations for sustainable, low-cost, and disaster-resilient housing 
(Muhtar, 2020; Nicolalde et al., 2022). Bamboo can also be used with other 
construction materials to create composite structural components with enhanced 
structural capacities.  

Bamboo is a rapidly growing grass prevalent in tropical and mildly temperate 
regions in Asia, Africa, and America. The accelerated growth rate renders bamboo 
highly desirable for afforestation and its subsequent effects on carbon sequestration 
and reduction of embodied energy in structures (Atanda, 2015; Manandhar et al., 
2019). Its renewable characteristic creates versatility in purpose, with innovative and 
diverse applications in walls, floors, roofs, and frames of low-cost housing (Muhtar, 
2020). Variations in material properties of bamboo culms can be influenced by age, 
geometry (Asif, 2009), geography, or species type (Rini et al., 2023), as natural 
materials exhibit heterogeneity and anisotropy (Liu et al., 2021). Despite differences 
across species, maturity is usually attained within 3 to 5 years, compared to a minimum 
of 20 years for various timber species (Tahmasebinia et al., 2024), leading to faster 
attainment of mechanical resistance. Its significant fiber strength also corresponds to 
tensile strengths exceeding those of wood and structural steel (Handana et al., 2023). 
The high strength-to-weight ratio makes bamboo a suitable material for earthquake-
resilient housing (Amede et al., 2021) as it exhibits flexural ductility threefold compared 
to wood (Adier et al., 2023) coupled with its energy absorption at joints and 
connections (Kaminski et al., 2016). Bahareque structures in Latin American countries 
best exemplify the flexible nature of bamboo (Kaminski, 2013). Overall, bamboo offers 
numerous advantages that aid in its establishment as an ideal substitute construction 
material. 

Bamboo has been traditionally incorporated into vernacular housing and buildings 
in the Philippines, yet these structures do not exhibit disaster resilience (Barile et al., 
2007; Salzer et al., 2018). The unregulated structural design of rural construction is 
critical as these structures are highly vulnerable to natural disasters, exacerbated by 
the greater exposure of the Philippine geography to typhoons and earthquakes. An 
annual average of twenty (20) tropical cyclones enters the Philippine area of 
responsibility, with eight (8) or (9) reaching landfall (Santos, 2021). In 2013, typhoon 
Haiyan inflicted widespread damage in Tacloban City, Eastern Visayas, resulting in 
6,000 fatalities, 30,000 damaged houses, and $5.8 billion in losses (Bringas et al., 
2022). In addition, the seismic complexity of the archipelago is exemplified by the 
presence of five major active fault systems (the Western Philippine Fault, the Eastern 
Philippine Fault, the South of Mindanao Fault, the Central Philippine Fault, and the 
Marikina Valley Fault), contributing to 20 tremors per day, with around 100-150 
perceived by the public annually (Ong et al., 2021). Withstanding these hazards 
requires careful selection of bamboo species to ensure the structural integrity of 
buildings and their occupants.   

Suitability for bamboo as a structural material is typically defined by its abundance 
in growth, strength in comparison with other local species, large diameters (50mm – 
200mm), relatively upright growth, rapid maturation (three to five years), resistance 
against insect and fungi infestation (lower starch content), and reduced susceptibility 
to splitting (Kaminski et al., 2016). Among local variants, Bambusa blumeana or 
kawayang-tinik is the most common option for vernacular structures (Salzer et al., 
2018). The renewed interest in bamboo as a material for cement-bamboo frames in 
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housing sparked new research on its properties (Aniñon & Garciano, 2024; Bautista 

et al., 2021; Bundi et al., 2024; Cacanando et al., 2022; Panti et al., 2024; Vicencio, 
2021). The widespread adoption of bamboo as a structural material is hindered by the 

lack of an established design code founded on verifiable experimental data on the 
mechanical properties of bamboo (Amede et al., 2021; Panti et al., 2024). Existing 
International Organization for Standardization (ISO) standards (ISO 22157) (2019) are 
limited to grading and determination of the physical and mechanical characteristics of 
bamboo culms; hence, further research must be pursued to identify their physical and 
mechanical properties.  Moreover, increasing complexity in projects utilizing bamboo 
with composite sections necessitates further research into its structural capabilities 
(Bangoy et al., 2024),including the mechanical properties of joints and connections 
(Hong et al., 2019).  

Connections are critical in ensuring structural members resist loads as a singular 
unit (Oluwafemi et al., 2021). Bamboo culms are traditionally connected by friction 
lashing with vines, split bamboo, rattan, sisal, and other similar materials, or mortise-
tenon joints (Lao, 2021; Manandhar et al., 2019). However, these approaches reduce 
the transfer of bearing capacity across the entire system (Sassu et al., 2016). 
Weakened joints adversely affect the overall structural performance of buildings; 
hence, joint design must be enhanced (Hong et al., 2019). Challenges in joint design 
are often attributed to the thin-walled hollow culms, the longitudinal fiber orientation, 
and other geometric irregularities (Bangoy et al., 2024; Lao, 2021). Modern bamboo 
construction employs bolted joints, with or without mortar infill, to connect multiple 
culms with a singula dowel, providing enhanced durability to the connection 
(Widyowijatnoko & Harries, 2020). While bolted joints offer an economical and efficient 

solution, challenges are posed by the increased probability of splitting and cracking 
post-drilling and the incompatibility of the cylindrical culm surface and the fixed bolt 
shape (Gaffuri et al., 2023; Lao, 2021). ISO 22156 also identified row shear and 
bearing as failure modes (Fig. 1) (Malkowska et al., 2022). Bearing may also include 
splitting aside from the typical crushing of the culm wall.  

 

Fig. 1. Failure modes in dowelled bamboo connections based on ISO 22156,  
(a) bearing, (b) row shear, (c) splitting (Malkowska et al., 2022) 

Classification of bamboo joints (Fig. 2) by Janssen (2000) and Widyowijatnoko & 
Trautz (2011) identified that Group 4 connections resist longitudinal shear and bearing 
stresses. The Group 4B configuration is called P-connections (Carga P) under the 
Colombian code NSR-10 Section G-12.11.3.8. (2010). The prevalence of P-
connections in bamboo frame construction is attributable to its simplicity 
(Widyowijatnoko & Harries, 2020). Fig. 2 illustrates the load transfer in Group 4B 
through perpendicular elements connected outside the culm. NSR-10 displayed the 
force applied parallel to the fiber and perpendicular to the dowel (Fig. 3). Janssen 
(2000) and Wang & Yang (2020) suggested the incorporation of mortar infill in dowelled 
connections to avoid or delay the onset of splitting failure (Correal et al., 2021), which 
is less preferred versus the pseudo-ductile behavior of bearing failures (Clavijo & 
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Trujillo, 2000). Grout is injected within the bamboo culm through the drilled hole 
displayed in Fig. 3. Parameters that influence the load-bearing capacity of mortar-filled 
dowelled connections include dowel diameter and concrete strength (Correal et al., 
2021), culm wall thickness (Oka et al., 2015), bolt distance from the node (Bangoy et 
al., 2024; Masdar et al., 2014), bolt flexural strength (Bangoy et al., 2024), dowel 
strength (Wang & Yang, 2020), and the use of washers and clamps (Paraskeva et al., 
2019).  

 

Fig. 2. Refined bamboo joint classification (Widyowijatnoko & Harries, 2020) 

 

Fig. 3. P-connections in bamboo culms, as illustrated in NSR-10 (2010) 

Using these connections in the Philippines' emerging cement bamboo frame 
technology requires further research to ensure the safety and serviceability of low-cost 
housing nationwide. The significant variability in the performance of dowelled 
connections and differences in test protocols adopted from timber standards present 
a challenge in developing a standardized procedure in joint design based on modern 
bamboo construction practices. Existing ISO standards on the structural design of 
bamboo focus on the physical and mechanical properties of bamboo culms, the 
grading of bamboo culms, and glued laminated bamboo but are limited to design 
principles and guidance on test methods for connections (Trujillo, n.d.). The Philippine 
National Standards (PNS) merely adopted ISO standards and have not yet established 
localized design provisions for indigenous bamboo species (Bangoy et al., 2024). A 
universal codified framework built on numerous research on connections is necessary 
for expanding bamboo's use in contemporary structural design.   

This study aims to determine the dowel-bearing strength of Bambusa blumeana 
using a full-hole test configuration adopted from ASTM D5764 (2018). Variations are 
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made in the mortar infill strength and the dowel diameter to assess their impact on the 
bearing capacity of the connection and the corresponding failure mode. Given the lack 
of precise specifications on joint design in ISO standards, the results of this research 
intend to contribute toward the development of models and provisions based on the 
interactions of parameters involved in P-connections. In addition, the results of the 
experiment aid in expanding ISO 22157 into a new section of the National Structural 
Code of the Philippines to provide an economically viable and safe alternative to 
conventional construction materials.  

MATERIALS AND METHODS 

Bamboo (Bambusa blumeana) 

Random sampling was used to distribute Bambusa blumeana culm samples in 
their respective trials. Each sample takes one bamboo internode, with the culm 
extending three (3) to four (4) centimeters beyond the top and bottom nodes, as shown 
in Fig. 4. Diagram for bamboo internode samples.  The culm was drilled halfway 
between the internode to insert the steel dowel for the P-connection. A twenty-eight 
(28) millimeter diameter was drilled as an opening for the mortar infill in experimental 
samples. No mortar infill was used for control samples. Given the irregularity of 
bamboo culm geometry, repeated measurements were conducted for sample 
characterization. These parameters include the culm diameter, wall thickness, total 
length, nodal length, and weight. Requirements for each parameter are described in 
Table 1.  

 

Fig. 4. Diagram for bamboo internode samples 

Table 1. Required number of measurements for bamboo culms 

Parameter Requirement 

Culm Diameter 
Measured two (2) diameters perpendicular to each other for 
each end (4 diameters in total were averaged) 

Wall Thickness 
Four (4) thicknesses with 90º spacing between each other at 
the end of the culm (8 thicknesses in total were averaged) 

Total Length 
Measured once (1) from the extreme top and bottom fibers  
of the specimen 

Nodal length Measured once (1) from the top to the bottom node 
Weight Measured once (1) 
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Mortar Infill 

The compressive strength of the mortar infill varied in proportions based on ASTM 
C270 specifications. No standard has yet been established for using mortar infill in 
bamboo, but the target compressive strength values listed in Table 2 fall within the 
range set by Correal et al. (2021). The mortar infill consists of Type 1T cement 
(Blended Portland cement composed of Portland clinker, gypsum, pozzolan additives, 
and limestone), commercially available sand, and distilled water. 

Experimental Design 

The study aims to determine the dowel-bearing strength of Bambusa blumeana, 
considering variations in mortar infill strength and dowel diameter. Table 2 lists the 
variations in values for each of the independent variables. Nine (9) sample 
combinations were used in the study as calculated from three (3) independent 
variables for the dowel multiplied by three (3) independent variables for mortar, 
including the control variable (0 MPa or no mortar infill). Ten (10) samples were 
allocated for every combination, totaling 90 samples. 

Table 2. Test trial variations per parameter 

Variables Values 

Mortar Strength 0 MPa1  3-4 MPa 8-10 MPa 

Dowel Diameter 10mm 12mm 16mm 
1No mortar infill will be added inside the culm 

Sample Preparation 

Before compression testing, all required materials and equipment underwent 
quality checks. Once cleared, dimensions and physical properties were recorded. 
These include bamboo (height, width, thickness, weight, density, and moisture 
content), steel dowel or bolt (diameter), and mortar mix (sand, cement, water, and 
mold). Measurements for bamboo abide by the specifications of ISO 22157 (2019). 
The mortar-filled bamboo section after recording the data. The mortar mix abided by 
ASTM C1329 (2012) and ASTM C270 to produce the required compressive strengths 
listed in Table 2. The resulting cement mixture was inserted into the bamboo culm 
samples. A small portion was cast as 2-inch x 2-inch cubes to confirm their strength 
using ASTM C109 (2020). The setting period for all the samples is seven days. Ten 
(10) testing cubes per batch of a cement mixture and ten mortar-filled bamboo culm 
samples per set of variables were tested. Overall, there shall be nine sets of variables. 
With ten bamboo samples for each set of variables, the total amount of bamboo 
samples shall be 90. The total number of mortar cubes for strength confirmation tests 
shall be ten times the number of mixing batches. 

Test Proper 

A 100kN universal testing machine (UTM) AG-XPLUS and linear variable 
differential transducer (LVDT) recorded the force-displacement graph for each mortar 
cube sample. The test ended when the force-displacement graph dipped towards 20% 
of its maximum compressive force. Compression was also applied on the modified full-
hole test configuration for the dowelled connection placed within the universal testing 
machine per ASTM D5764, as shown in Fig. 5. A 5.0 mm/min strain rate was applied 
to the bamboo samples, while 2.0 mm/min strain rate was used on mortar cubes to 
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reach the maximum load within three (3) to seven (7) minutes (ISO, 2019).  Fig. 6 
illustrates the load transfer mechanism in the test configuration.  

The maximum bearing strength and displacement were collected from the results 
provided by the UTM and LVDT, respectively. Test records were also plotted in stress-
strain diagrams. The mode of failure of the bamboo culm (splitting, slotting, or other 
forms) was recorded visually and matched to their corresponding sample. The mode 
of failure of steel (bending/yielding) and mortar (crushing) were also recorded after 
opening the bamboo culms after the compression test. 

 

Fig. 5. Modified full-hole test configuration for the P-connection 
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Fig. 6. Load path for test configuration: (a) transfer of load from UTM to load cell,  
(b) transfer of load to the C-section steel attachment, (c) transfer of load to an inner 

steel plate, (d) transfer of load to the bamboo 

Method of Analysis 

The results were calculated using equations prescribed by ISO 12122-1 (2014) 
and ISO 21141-1 (2022). The formulas specified in these standards determine the 
characteristic value of dowel bearing strength. The statistical significance of the results 
was also assessed using analysis of variance (ANOVA) to sort the variables to be 
considered in multiple regression analysis (MRA) to develop an equation predicting 
the dowel-bearing strength of Bambusa blumeana. Failure modes of each sample 
were recorded based on the types identified by (Widyowijatnoko & Harries, 2020).  

The characteristic value for the dowel bearing strength was determined from the 
failure compressive load recorded by the Universal Testing Machine. This is calculated 
using Eq. (1) where Xmean,0.75 is the characteristic value expressed as the mean value 
with 75% confidence in MPa, Xmean is the average value of the individual tests (Xi) in 
MPa, kmean,0.75 is the multiplier which gives the mean value 75% confidence, V is the 
coefficient of variation of the test data, and n is the number of specimens. ISO 12122-
1 provided the corresponding kmean,0.75 values for each number of specimens.  

𝑋𝑚𝑒𝑎𝑛,0.75 = 𝑋𝑚𝑒𝑎𝑛 (1 −
𝑘𝑚𝑒𝑎𝑛,0.75𝑉

√𝑛
) (1) 

Table 3. kmean,0.75 values for different numbers of specimens (ISO, 2014) 

No. of specimens (n) 3 5 10 30 50 100 >100 

kmean,0.75 0.82 0.74 0.7 0.68 0.68 0.68 0.67 
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RESULTS AND DISCUSSION 

Physical and Geometric Properties 

 All relevant physical properties for each sample were recorded and summarized 
in the succeeding tables. Table 4 contains the geometric parameters of the tested 
bamboo culms.  

Table 4. Geometric properties of Bambusa blumeana test samples 

Properties Minimum Maximum Average 
Coefficient of 
Variation (%) 

Diameter (mm) 75.445 111.810 92.46 9.20 
Wall Thickness (mm) 5.468 14.998 7.82 20.87 

Internodal Length (mm) 327 547 437.67 10.35 
Weight (g) 383.15 1451.33 809.51 28.44 

 
 The recorded diameters and wall thickness fell within the ranges listed by 
Salzer et al. (2018), Bautista et al. (2021), Villanueva et al. (2022), Adier et al. (2023), 
and Panti et al. (2024) for Bambusa blumeana samples harvested in the Philippines. 
Given the lack of geometric characterization of local bamboo species, only Villanueva 
et al. (2022) provided a comprehensive record of internode length, with the result in 
Table 4 nearly coinciding with the mean value of 427.8 mm. Other studies based on 
different regions (Dessalegn et al., 2021; Latif Mohmod et al., 1992) cite smaller 
average internode lengths, but it can be attributed to slight differences in 
environmental conditions and genetic characteristics that impact culm growth 
(Nugroho et al., 2021).  

Density 

After compression tests, the density of the samples with dimensions 100mm in 
length and 20mm in width were taken near the location of the failure. The average 
densities are shown in Table 5.  

Table 5. Mean densities of Bambusa blumeana test samples 

Mortar Strength 
(MPa) 

Bar Diameter 
(mm) 

Mean Density 
(kg/m3) 

Coefficient of 
Variation (%) 

8.95 

10 721.18 21.07 

12 613.38 42.56 

16 707.58 15.27 

3.89 
10 769.44 13.61 
12 674.06 27.26 
16 672.97 7.13 

No mortar 

10 710.61 9.04 

12 743.63 11.49 

16 709.24 18.87 

 
 The recorded densities in Table 5 fall within the range identified by ISO 22157 
for Bambusa blumeana in the Philippines (Salzer et al., 2018), values tabulated by 
Bautista et al. (2021) and Panti et al. (2024) for internode segments, and averages 
determined by Srivaro (2018) for Thai variants. Adier et al. (2023) discussed that 
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higher bamboo densities often indicate more compact fiber configurations, which can 
be correlated to better strengths parallel to the grain.  

Moisture Content 

The samples were oven-dried at 103 ± 2°C for 24 hours. Mean moisture 
contents and coefficients of variation per sample space are shown in Table 6.  

Table 6. Mean moisture contents of Bambusa blumeana test samples 

Mortar Strength 
(MPa) 

Bar Diameter 
(mm) 

Mean Moisture 
Content (%) 

Coefficient of 
Variation (%) 

8.95 

10 13.31 25.83 

12 10.84 6.39 

16 14.28 19.81 

3.89 
10 10.41 3.56 
12 10.53 4.73 
16 10.54 6.44 

No mortar 

10 10.00 3.07 

12 9.81 5.60 

16 10.08 4.66 

 The range of moisture contents recorded in Table 6 was identified to be nearly 
coincident with mean values reported by Bautista et al. (2021), Cacanando et al. 
(2022), and Panti et al. (2024) for Bambusa blumeana. The ideal moisture content for 
bamboo in structural use ranges from 8-12%, with a threshold value of 20% to 
minimize reduction in mechanical strength and durability of bamboo (Adier et al., 2023).  

Mortar Infill 

The compressive strength of the mortar infill within the bamboo samples was 
represented by the two-by-two-inch (2” x 2”) mortar cubes. They are tested earlier on 
the same day as the bamboo samples with a 7-day setting period. Table 7 displays the 
mean strengths per batch and weighted mean per design mixture. The initial target 
strengths listed in Table 2 were set at 3-4 MPa and 8-9 MPa. Ten cube samples, as 
per ASTM C270, were tested. However, only eight (8) and nine (9) mortar cubes were 
tested for the last two batches. The proportions were adjusted before any bamboo test 
to reach the target strengths while ensuring the workability of mortar once injected into 
the culm. The weighted mean for the 1:6:1.75 mortar mix was 3.89 MPa with a 
corresponding coefficient of variance of 19.57%, while the 1:3:1.25 mortar mix has a 
strength of 8.95 MPa with a coefficient of variance of 25.12%. 

Table 7. Mean mortar infill strengths for the Bambusa blumeana test samples 

Design Mix 
Proportion 

No. of 
Mortar 
Cubes 

Actual 
Mean 

Strength 
(MPa) 

Weighted 
Mean 

Strength 
(MPa) 

Standard 
Deviation 

Coefficient 
of Variance 

(%) Cement Sand Water 

1 6 1.75 

10 3.71 

3.89 0.76 19.57 10 3.61 

10 4.36 

1 3 1.25 
10 10.45 

8.95 2.25 25.12 
8 7.99 
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9 8.42 
 
Ultimate and Characteristic Strengths 

The mean ultimate strength values determined from the force-displacement 

graphs and their corresponding coefficients of variation were tabulated in Table 8. 

Each sample set's characteristic dowel-bearing strength was calculated using Eq. (1). 

The characteristic value of dowel-bearing strength increases consistently relative to 

the bar diameter across all sample sets. Higher bar diameters result in larger contact 

areas between steel and bamboo. The distribution of pressure across a wider area 

reduces the stress induced by the compressive load, thus improving the bamboo 

samples' capacity. Positive correlations between the diameter and dowel-bearing 

strength were also found with results determined by Schweigler et al. (2016), Correal 

et al. (2021), Nie et al. (2022), Ji et al. (2023) and Bangoy et al. (2024).  

Mortar strengths did not appear to influence the characteristic dowel-bearing 

strength. The sample with mortar infill at around 3.89 MPa attained strengths lower 

than those with no mortar. On the other hand, trials at nearly 8.95 MPa achieved the 

highest mean strengths. Considering that the mortar infill strength specified in CBFT 

projects in the Philippines often only uses 9 MPa, a direct comparison between 

samples with and without mortar should indicate a noticeable improvement in strength 

if the results from 3.89 MPa trials may be disregarded. The lower mortar strength did 

not adequately confine the dowel flexure caused by the compressive loading.  

Table 8. Ultimate strength values of Bambusa blumeana test samples 

Mortar 
Strength 

(MPa) 

Bar 
Diameter 

(mm) 

Ultimate 
Strength (kN) 

Coefficient of 
Variation (%) 

Characteristic 
Dowel-Bearing 
Strength (kN) 

8.95 

10 13.33 23.07 12.65 

12 17.73 21.13 16.90 

16 20.24 22 19.26 

3.89 
10 11.86 13.53 11.50 
12 12.84 25.15 12.13 
16 15.18 21.96 14.45 

No mortar 

10 10.06 16.45 9.69 

12 15.37 29.34 14.37 

16 17.15 26.6 16.14 

 

Failure Modes 

The failure mode for each sample is described considering the three materials 

involved: steel dowel, mortar infill, and bamboo in Table 9. Bamboo culms either fail in 

bearing or splitting. Bearing failure was mainly observed in control samples as 

characterized by the displacement of steel dowels parallel to the direction of loading 

without producing cracks or splits in Fig. 7a. Most samples exhibited splitting failure in 

Fig. 7b, or both bearing and splitting failure, where dowel displacement initially 

occurred before the propagation of cracks parallel to the fiber.  



The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)
19-22, August, 2024, The K hotel, Seoul, Korea

Table 9. Distribution of observed failure modes across test samples 

Sample 
Mode of Failure 

Bamboo Failure Steel Failure 
Mortar 

Strength 
(MPa) 

Bar 
Diameter 

(mm) 

Splitting + 
Bearing Failure 

Bearing Failure 
Only 

Uniform 
Bending of 
Steel Dowel 

Localized 
Bending of 
Steel Dowel 

8.95 
MPa 

10 mm 30% 70% 0% 100% 

12 mm 100% 0% 100% 0% 

16 mm 100% 0% 50% 0% 

3.89 
MPa 

10 mm 90% 10% 100% 0% 

12 mm 100% 0% 50% 0% 

16 mm 100% 0% 0% 0% 

No 
Mortar 

10 mm 0% 100% 0% 100% 

12 mm 70% 30% 0% 100% 

16 mm 70% 30% 0% 0% 
 

Steel dowels primarily failed in bending induced by compression on the dowels.  

Fig. 8 illustrates two load transfer mechanisms leading to different failure modes 

characterized either as uniform or localized bending, as displayed in Fig. 9. Uniform 

bending induces flexural deformation to the dowel, while localized external bending 

experiences deformation only at the external portions protruding beyond the culm wall, 

as the mortar infill restricts bending within the culm.  

 

Fig. 7. Modes of failure in Bambusa blumeana samples: (a) bearing and (b) splitting  
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Fig. 8. Schematic diagram of the load transfer in samples with and without mortar 

Uniform bending mainly occurred in 10mm and 12mm bolts confined by 
3.89MPa mortar, which indicates that the mortar strength was inadequate in reducing 
flexural deformation of the dowel. The same failure mode was observed in 12mm and 
16mm bolts confined by 8.95MPa mortar.  

Localized dowel bending occurred primarily in control samples. The 10mm and 
12mm steel bolts exhibited localized bending at the corners where the washers were 
attached. For experimental samples, localized steel bending only occurred at samples 
with 10mm steel dowel and 8.95MPa mortar. The mortar in this setup demonstrated 
an ability to withstand stress, which is particularly evident in its capacity to bear the 
load at the middle portion of the steel, leading to the concentration of force at the 
corners of steel where the force is applied. Localized bending also resulted in washer 
rotation, leading to embedment into or scraping of the outer wall, as seen in Fig. 10. 
While these additional findings are beyond the scope of the study, these may be 
considered in future research.  
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Fig. 9. Modes of failure in dowels: (a) uniform bending and (b) localized bending 

 

Fig. 10. Observed effects of localized dowel bending: (a) Washer embedment in the 
bamboo and (b) scraping of the outer wall due to the washer 

A change in failure mode was also determined due to the interaction of smaller 
bolt sizes and low-strength mortar. A low percentage of splitting failure occurs in the 
10 mm experimental sample with 8.95MPa mortar and the 10mm control sample. Both 
sample spaces have 100% bearing failure and localized steel bending as it reaches 
its maximum strength. In contrast, the 10 mm experimental sample with a lower mortar 
strength of 3.89 MPa has 90% splitting failure along with 100% bearing and uniform 
bending of steel failure. It appears that the presence of low-strength mortar in small 
bolt sizes tends to avoid the concentration of force at the corners, which allows even 
distribution of load throughout the whole length of the steel, leading to uniform bending 
and splitting failure. Moreover, samples with higher strength mortar with 10 mm steel 
have the same failure mode as the control sample with the same steel diameter. 
However, the sample with high-strength mortar has a higher bearing strength capacity. 

In general, the presence of mortar in samples with 12mm and 16mm dowels 
exhibited the same bearing and splitting failure, the same for the control samples with 
the same bolt size. In addition, there is no localized bending for experimental samples 
under these bolt sizes. Furthermore, larger dowel diameters had the slightest tendency 
to bend.  
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Fig. 11. Mode of failure observed in the mortar infill 

The portion of mortar infill below the bolt diameter displayed in Fig. 11 cracked 
due to its resistance against the load within the bamboo. All samples were recorded 
to exhibit cracking in mortar infill after testing. Although both mortar infill and bamboo 
contributed to the bearing strength of the connections, further research is required to 
describe the interaction between the said materials. 

Stress-Strain Graphs 

 The typical stress-strain behavior of bamboo samples that exhibited splitting 

failure is illustrated in Fig. 12. This graph was the most common behavior among all 

samples, as evidenced by Table 9. It is mainly composed of (1) C-section attachment 

settlement, which is due to the nature of the attachment having room for minor 

displacement because of the need for adjustments to cater to different bamboo sizes; 

(2) Onset of bamboo splitting, which is evident on most samples; (3) bending of the 

bolt; (4) reaching the peak strength, and (5) propagation of splitting failure. The trend 

within this graph is achieved in most samples – especially those with mortar infill. 

 

Fig. 12. Typical stress-strain behavior of samples exhibiting splitting failure 

 Two stress-strain diagrams displayed in Fig. 13-14 were typically seen for 

bamboo samples that exhibited bearing failure. Fig. 13 shows ductile behavior, while 

Fig. 14 indicates an erratic behavior caused by the washer embedment and/or 

scraping of the outer wall.  
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Fig. 13. Typical stress-strain behavior of samples exhibiting bearing failure 

 

Fig. 14. Stress-strain behavior due to washer embedment or scraping 

Conclusion 

 This research determined the characteristic bearing strength of bolted mortar-

infill connections using Bambusa blumeana considering variations in mortar strength 

and dowel diameters. Results indicate that the bearing strength of the connected 

increases with both bolt diameter and mortar strength. Increased contact area 

between dowel and the mortar-bamboo composite cross-section widened the 

pressure distribution, allowing for greater resistance against the compressive load 

transferred to the dowels. Improvement in dowel-bearing strength due to increase in 

bolt diameter ranged from 3 to 7 MPa depending on the mortar infill strength.  On the 

other hand, strength increase due to mortar was noticeably present when comparing 

samples without mortar and with higher strength mortar (8.95 MPa), ranging from 

nearly 2.5-3 MPa depending on the dowel diameter. The lower strength mortar (3.89 

MPa) appeared to be less effective in confining the dowel in flexure as it attained 

strengths lower than those achieved by samples without mortar.  

 Control samples with smaller diameters exhibited bearing failure, while larger 

diameters showed a combination of bearing and splitting failures, governed by 

localized bending of steel as bolt size decreases. Experimental samples, particularly 

those with low-strength mortar in small bolt sizes, promoted the combination of bearing 
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and splitting failure. It demonstrated more uniform load distribution, leading to uniform 

bending of steel bolts. Conversely, samples with high-strength mortar in small bolt 

sizes resembled the control samples' failure modes, with reduced steel embedment. 

Higher bolt sizes reduced the steel bending for all samples while promoting splitting 

failure. The stress-strain diagram for trials with splitting failure exhibited brittle behavior 

while those with bearing failure exhibited ductile stress-strain behavior. Erratic stress-

strain curves were also observed for samples with significant localized bending due to 

washer embedment and/or scraping.  

 Future research in dowel-bearing strength may explore the interaction of 

bamboo culm and mortar in load resistance. Further experiment or numerical analysis 

on the capacity of mortar infills to confine dowel bending may also be considered. 

Multi-culm P-connections may also be examined to determine more realistic failure 

mode scenarios from common joint configurations in cement-bamboo frame structures. 
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