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FOREh'OR.D 

The investigation on which this paper is based was sponsored by 
the Office, Chief of Engineers (R.DT&E), and reported in the Waterways 
Experiment Station Technical Report No. C-69-3, February 1969 • 

. This paper was prepared at the request of Mr. Robert E. Wilde, 
Assistant Secretary, Arnerican Concrete Institute, for publication in 
the ~"1]._al of .the ... !l-rn£~Can Concrete li:!.stitll.~~· 'l'he paper has been 
reviewed und approved for publication by the Office, Chief of Engineers. 

Prepvration of: the paper was accomplished at the Concrete Division, 
U. s. Army Engineer Waterways Experiment Station, under the direction 
of Mr. Bryant Mather, Chief, Concrete Division. 

Colonel Levi A. Brmm, CE, was Director of the lfa.teruays Experiment 
Station during the preparation of this paper and Mr. F. R. Brm-m was 
Technical Director. 
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AN ACI SUMMARY PAPER 
B:isecl on .'1 U.S. Army Engineer Waterways 
Experi~enL Station Technical Report 

Bamboo Reinforced Concrete 

by H. G. Gcymayer and F. B. Cox 

In many underdeveloped arens steel reinforcing bars for concrete are 

scarce, very costly, or not available, even though-cement rnay be locally 

produced and readily at hand. Thus, there is a need for indigenous materials 

that can be used as expedient reinforcement for temporary or secondary concrete 

structures. Many of the areas in question are located in or near tropical and 

subtropica 1 zones where bamboo is generally cheap and plentiful. 

The idea of using bamboo as an expedient reinforcement for concrete is 

not new. Nore than 30 years ago, Datta2 and DeSimone3 experimented with 

bnmboo reinforcement, and since then, about a dozen investigators, nmong ther,1 

most notably Glennlf at Clemson University, have conducted research on the 

subject, These studies made it clear that bamboo reinforcement is feasible, 

but problems exist concerning bond, volume clrnnges, and possible decc-.y, Bnmboo 

reinforcement was used during World War II by U.S. and Japanese anued forces 

in e:cpcclicnt mili.tnry construction on isolated Pacific islands. 

Military construction activities in Southeast Asia have recently caused 

renci·1ed interest in b,'J.mb00 reinforcement and an investi.g<,U.on of the use- o-f-

bnmboo as expedient reinforcement for concrete was begun at the U. S. Army 

•Engineer Waterways Experiment Station. The more important results and 

conclusions are summarized here, 

Properties of Bamb_oo 
l 

Bnmboo, of which approximately 550 species have been described, is a 

perennial gr.ass found in almost all tropical, subtropical, ancl mnny temperate 

zones. Two species, A. t~cta (small cane) and A. gifFlll~~i.!. (southern cane), 

l~ 
arc com.non in the United States. A Stlliw1:iry of pert:Lrwnt physical properties 

of barnboo is given in tnble 1. The properties deterr,1inccl on Mississippi small 

cene were generally somewhat inferior to those reported in the literature for 
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most other species, hence, the conclusions and methods described below 

are believed to be reasonably conservative. Bamboo has a fairly high tensile 

strength. Values as high as 53,000 psi (3726 kg/cm2) have been reported, 

An average tensile strength of about 15,000 psi (1055 kg/cm2) was found for 

local A. tecta. The modulus of elasticity of bamboo is relatively low, usually 

less than 1/10 of that of steel reinforcement. This leads to large deflections 

and wide cracks when barilboo reinforced flexural members are loaded to capc,city. 

Both tensile strength and elastic modulus vary greatly with the type and 

environmental conditions of the specimen tested. The tensile strength of barn-

boo under sust~ined loncls eppears to he considerc:bly lower than its static 
,_ 

strength, ~ reduction of up to 50 percent was found on local specimens of 

A. tectR. Creep of seasoned spec~nens of the same species after l year under 

tensile stresses of Lf000 and 8250 psi (201.2 and 580,0 ke/c1.i2) amounted to 

about 40 percent of the elastic elongation under the respective load. 

The Swel ling-Shrinkap;c-Boncl Prob lqn 

The pr incipa 1 problems associated with bamboo reinforcement, however, are 

not its strength and deformation under tensile loads, but volume changes and 

bond. Bamboo culms have been observed to undergo diameter changes in the 

order of 5 percent and length changes up to about 0.05 percent with variations 

in the moisture content. Diameter changes of such magnitude can obviously 

result in serious cracking of the concrete cover duG to expnnsion and/or an 

almost complete loss of bond due to shrinkage of the culms. In addition, the 

coefficient of thermal expansion of bamboo can be as low as 1/3 that of con-

crete longitudinally and ns high ns 10 times that of concrete dianwtrnlly. 

These differences will also contribute to crncking of the concrete cover and 

to n loss of boncl, pnrticulnrly if the member is exposed to large temperature 

vnrintions. Results of tests on A. tectn are given in table l, 
2 



Previous investigators 2 •3 have w.-irned that, due to shrinkage, untreated, 

green or ~reso~ked culms, ex,erience a drastic loss of bond in continuously 

dry cured sriecirnens. Evidence to this effect was found on pullout srecirnens 

in which the protruding ends of the culrns were not sealed and could, therefore, 

freely exchange moisture with the environment.· However, in beams in which 

the concrete cover prevented the culms. from readily losing moisture, we did 

not observe a significant loss of bond. The e},tent to which such a loss may 

occur depends pr~narily on the degree of saturation of the culm upon hardening 

of the concrete, the e:<tent and rate at which the embedded culrn is nble to 

dry and shrink, the relative roughness of the culm or its protrusion:diameter 

ratio and the range of te.nperature fluctuations in the member, 

There are six approaches to overco1:1e the shrinkage bond problem, 

E.· To use seasoned (dry) culms that will continue to swell after 

the concrete hns set up, in the hope that this swelling will compensate for 

subsequent shrin~cage. This method is !!.2.t recomr.wndecl here because it frequently 

results in intolerable cracking of the concrete cover, 

£. To coat sensoned culms with some type of moisture barrier (e.g. 
~ . 

varnish, psphnlt emtilsion,4 paint, etc.) to slow the rate. of moisture changes 

in the cu lms. This metho<l appears to have promise- (provided the coating has 

no lubricnting effect) and should be used if suitable materials are at hand, 

'Soi<1e investig;1tors3,4 have also w;.1 rned that coatings may aggravate the decay 

problcr11, 

£• To coat seasoned culms with a material such as epoxy or polyester 

resins that firmly adheres to the bamboo surface, To ensure positive bond 

with concrete, sand should be sprinkled on the fresh resin coat to produce 

a rough surfnce. 

~. To saturate seasoned culms with a liquid that will neither evaporate 

nor adversely affect bond or treat them with a hydrophobic substance, 
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i:.· To rely on mechanical interlocking between bamboo and concrete 

through protrusions that are large enough to he relatively unaffected by 

shrinlzage, The use of split culms rather than whole culms is strongly recomended 

(in addition to any other bond improvement method that may be used) since 

splitting results in a much higher contact area between concrete and bamboo 

and should afford better decay protection. 

f. There is no shrinkage-bond problem when the culms do not lose 

significant ?.mounts of moisture because the relative humidity remains above 

80 percent, 

The total :mchorage force of a culm does not increase linearly as the 

embedment length increases. It nppears more rc<ilistic to assume that beyond 

a cert;::in embedmcnt length, the pullout force will be fairly constant. Figure l 

shows ~hnt the bond strength computed from pullout tests on speci8ens with 

an ei11bedment length of 6 in. was almost twice as high as the bond strength 

computed for specimens with 12, 18, and 2lf in. embedrnent length, Similar 

results were found in beam tests. 

Consequently, the concept of an allowable average bond stress perhaps 

should ,.be abandoned altogether, o/ at least modified consiclerably. It could 

be replaced by the concept of a graduated allowable bond stress_,_ such_ as_ 

allo\ving a relatively high bond stress value, u1 , for the first 6 in, (15.2l~ cm) 

•of embedment length, a lower bond stress, U2, for the next 6 in. (15.24 cm), 

and a very low value, u3 , for the remainder (if any) of the embcclment length 

up to about 3 ft (0.9144 m), 

Tests of Structural Hen1bers 

About 30 sim9ly supported benms with different cross sections, reinforce

ment r11tios, and culm treatments, and six 2-wny slabs have been tested, Typical 

test results nnd crnck patterns of barn boo reinforced benms and slabs are shmm 

in fig. 2.:.tf. The results of these tests led to the following cone lus ions, 



Volume Stnbi lit_y_, Bond, nnd Decay 

In order to improve the bond of bamboo reinforcement, it is advantageous 

to use split culms rnther than whole culms. When using split bamboo culms 

as reinforcine members, the concave side of the culms should be oriented so 

thnt ~.ir wi 11 not be entrapped. The cu lms have a tendency to float toward 

the top of the member especinlly durin8 vibration of the concrete; therefore, 

special precautions arc necessary to assure proper positioning of the rein-

forcement. To insure a fairly uniform cross-sectional area of reinforcc~ent, 

care should be taken to alternate the basal and distal ends of the ba~boo culms. 

The maximum size aggregate in the concrete should be restricted to 

about 3/8 in. (9.53 mm) to avoid difficulties in placing and consolidating 

the concrete in members with high reinforcement rntios, 

Special measures are necessary to prevent or reduce the absorption of 

water fro;n the fresh concrete by the bamboo culms, If suitable materials are 

available, they may be used as a moisture barrier, However, caution is 

necessary with regard to materials that may have a lubricating effect, An 

expedient method of eliminating the swelling (but not the shrinkage) problem 

(. . 
is to s onk the b <:n1boo cu lms (con ted or uncoa tecl) in wn ter for 2 to 3 days 

pr:i.or to tl1eir ~~beclment in the concrete, The use of some woo<l rreservative 

(if evnilable) rRther thnn plnin water to presonk the culms would appenr to 

•be desirnble from the viewpoint of decay, but attention must be given to 

the influence of the preservative on bond (i.e. lubricating effect), 

Prel~ninnry test results and theoretical considerations indicate that 

the shrinkage of embedded, split culms \lill be ~. very slow process as long 

as a sufficiently thick, dense concrete cover protects the culms froL:1 the 

environment, or as lo:.1g as the humidity of the environment stays above about 

80 percent, Houever, if the concrete develops lnrgc cracks, as it \Jill if 

the meraber is henvi ly loaded, or if the cnvironr.1Cnt is constantly at a low 

humidity, shrinkage of the b D;nboo cou l<l become a very serious prob lell1, 

5 



Of all the methods tested to date only two (other Ll1an splitting) were 

effective in increasing the bond betm~cn bamboo ancl concrete. Unfortunately, 

both have only limited value for field application. The two methods \1ere: 

~~ The use of presoaked, split culms with 8-in.-long (20.32 cm) 

whole end sections to provide end anchorage, 

£.. The use of seasoned, split culms brush-coated with an epoxy or 

polyester resin that firmly adheres to the bamboo, To improve bond, sand 

was sprinkled on the fresh resin coat. 

Flexural Strength, Cracking 2_ ~nd Deflections 

For rectangular beam sections, the optimum reinforcement ratio (i.e. 

area of bamboo to total beam cross-sectional area) appears to be between 3 and 

!~ percent. Higher p2rcentages result in overcrowded cross sections, and 

lower ·percent;1[1eS give unsatisfactory strengths and large deformations. The 

use of inverted T sectiom; r;-,thcr than rcctanr;nlnr sections (fig. 5) results 

in a modernte increase of the ultimate mo,nent cap<1city for the same total 

cross section~l area, 

Rect~ngul~r becms reinforced with presocked split b~mboo (about 3.5 percent) 

~ 

arc ca~~ble of develo?ing about three times the flexural strength of unrein-

forced benms with identical cross sections (assuming the tensile strength of 

concrete to be 1/10 its co.npressive strength). If any of the previously men-

.tioned methods of increasin3 bond are used, the flexural strength cnn be 

more thnn four times that of unreinforced bea1.1s. 

Bruaboo reinforcement does not substantially affect the cracking load of 

flexura 1 members over that of unreinf orcecl me.nbcrs, Upon cracking, fle}~ura l 

members develop large cracks and hir;h deflections. Due to the poor bond, 

cracks are usually not nu;ncrous but are uicle, extending close to the compression 

face of the meniber, thus indicative of the very hieh position of the neutral 

axis (fig, 2 and 6), 
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Tentative Design Procedures 

Based on the results to date, the follmving rcco.nmendations are made 

for the design of bamboo reinforced concrete members: 

Bea1a Design 

Expedient field design for rect:ingular cross section~. The simplest 

procedure and the one most suitable for field applications is: 

~· Neglect the bamboo reinforcement end design as an unreinforced 

beam permitting the concrete to carry nn allmvable tensile stress equal to 

8 ffic psi (2, 12 JfI. !<g/cin2). 

£. Use 3 to lr percent split, presoaked cuLos (preferably treated) 

as tensile reinforcement to ensure an oven1.l l s&fety factor of 2 to 2. 5. 

For a more refined flexural design of beams reinforced with 3 to 4 percent 

split b<.mboo, the following 1'10clifications of the world.ng stress design and 

the ultimate strength design <is outlined in ACI Code 318-63 are suggested. 

Elastic desip;n. A regular straight-line elastic design according to the 

working stress design procedures of ACI Code 318-63, but tentatively using 

the following allowable stresses:• 

Elastic modulus of bamboo 
(in tens ion) 

• Elastic modulus of cone re te 
(normal weight concrete) 

Extreme fiber stress of concrete 
(in compression)** 

Tensile stress in bottom 
bmnboo en lms 

She~r stress in concrete (use 
V rnther th.:n ';!_) 
bh bd 

Eb= 2,0 x 106 psi (140,614 kg/on2) (or 
Eb= 1.25 x lOO psi (87,88/r kg/cm2) for 

deflection analysis) 

Ee= 57,500.JfJ:. psi or 15,2l;6Jfi. kg/cm2 

fc = 0.8 f~ 

fb -- 5000 psi (351.54 kg/cm2 ) 
max 

Ve -- 1.1 /"f[ psi or 0.292 /f[ kg/cm2 

Allowance for higher stresses than given in the ACI Code is made due to 
large strain gradients in bamboo-rei"nforced b cams, 
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Anchorage force per culm (for 
minimum embedrnent length of 12 in. 
(30.li8 cm) 

F == 250 lb per i.n x P, where P -
perimeter of culm, in. 

lb (N) 

Ultimnte S_trenr;th Design 

(437.8N per cm x P, whc.re P 
of culm, cm) 

perimeter 

'The ultimnte strenGth design procedures specified by the ACI must be 

modified to account for failure by loss of bond rather than by yield of the 

reinforcement. A detRilcd discussion of this approach can be found in the report.l 

Slab Design 

In slabs, it is generally impractical to plncc 3 to l~ percent bcmboo rein-

forcement. The following expedient field design procedure is suggested for 

slabs containing less than 3 percent reinforcement: 

~· Use a minimum slab thickness of 3 in. (7.62 cm) even ~or small 

panels to ensure sufficient cover and efficiency of the bamboo reinforce;nent, 

~. Neglect the contribution of the bamboo to the strength, and design 

the slab as an unreinforced slnb, using 6ffi. psi (l.59{fI kg/cm2 in the metric 

system) as the allowable concrete tensile stress, (For allowable shear stress 

see Acr Code), 

£• Maintnin a minimum reinforcement ratio (relative to the total 

cross-sectional area) of 1.5 to 2,5 percent to ensure a safety factor of 

appro:::imntcly two. Culms should be split and presoaked (and preferably treated). 

£. For two-wny or continuous slnbs provide additional corner and/or 

neg~tivc reinforc~nent where necessary. 

The more refine<l design considerations outlined for beams are also 

suitnble for two-wny, bamboo-reinforced slabs. 

Current And Future Tests 

To obtnin a better understanding of the shrin1rnge-bond mechanism, a number 

of tests are currently under way to investigate the bond strength and dec~.y 

behavior i.n bcnms nnd pullout specimens after long-tenn exposure to various 

8 



cnvironr.ients. The beh:tvior of prototype beams under sust<lined loads and field 

exposure conditions is under study (fig. 6) and ne111 methods of splicing cu lrns, 

improving bond, nn<l preventing cu~n shri~cage nnd decay, as well as the use 

of bamboo ns nhcar reinforcement arc being investigated, Future tests will 

include field tests of co•nrlete structures under both, long-·tenn and dynamic 

(blast) loads. Eventually, final design nn<l construction procedures will be 

reco~~ended for incorporation into an engineering mam1al on bamboo reinforced 

concrete structures. 
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DL~ensional changes due to ooisture 
variation (swelling and shrinking) 

diameter change % 

length change % 

Approximate coefficient of thermal 
expansion 

diagonally 10-6 /F 

lo-6/c 

longitudin~lly io-6 /F 

Table l 
' I 

As Reported in the Litera
ture for Various Species 

Rc.n""e 

Not reported 

Not reported 

" 
32.00 x io-6-6i.oo x io-6 

57.60 x io-6-109.s x io-6 

3.00 x io-6-9.oo x io-6 

5.40 x io-6-16.2 x lo- 6 

As Obtained in This Investigation for 
Ar. tecta. (Southern Small Cane) 
Average 

approximately 5% 

approximately 0.05% 

io-6 
26.0 x io-6 20.74 x 

31. 90 x io-6 

46.8 x 10-6 37.33 x io-6 
57 .42 x io-6 

2.00 x io-6 . 0. 80 x io-6 
2.87 x io-6 

3.60 x io-6 1.44 x io-6 
5.17 x io-6 
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3 Slab Test 
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